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BLACK MAGIC IN GEOPHYSICAL PROSPECTING! 
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EpitTor’s Note: The term “‘doodle-bug”’ is coming more and more to mean proposed 
methods of geophysical prospecting that are neither based upon scientific fact nor upon 
known or proven properties of oil, minerals and geologic formations. The geophysicist 
is often consulted concerning the reliability of such a proposed method, and his task then 
is to explain scientifically just why the proposed method fails and is unsuitable for the in- 
tended pur pose. 

Because such an explanation may often require a time consuming investigation, the 
geophysicist may be forced to spend more time on such an investigation than is justified. 
It is important then that as many as possible of these “new” methods be presented to the 
membership in order to prevent duplication of these investigations. 

Dr. Blau’s paper, “Black Magic in Geophysical Prospecting,” initiates this depart- 
ment, and it is hoped that the seriousness of the subject will be kept in mind while the 
reader enjoys the humor in Dr. Blau’s paper. Additional papers on doodle-bugs are earnestly 
requested and the membership is urged to send in a description of any new doodle-bug that 
is brought to their attention, together with the details of their investigation and their con- 
clusions. 


The rapid growth of the oil industry, and the high profits derived 
by the more fortunate land and royalty owners from the oil which is 
often found by drilling on hitherto relatively worthless land, have so 
preyed on the imagination of some would-be inventors and miracle 
men, that hardly a month passes without news of the invention of a 
purportedly reliable oil finder. Fantastic claims are usually made for 
these devices and methods; thus, it is claimed to be possible to predict 
the gravity, quantity of oil, thickness of the oil sand or sands and their 
depths, as well as the presence and quantity of such useful minerals 


1 Published by permission of the Board of Directors of Humble Oil & Refining Com- 


pany. 
2 Geophysics Department, Humble Oil & Refining Company. . 
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as salt, sulphur, and potash. It is supposed that in other parts of the 
country the same devices would be equally useful in prospecting for 
gold, silver and other metals. 

It is characteristic of these inventors that they stress emphati- 
cally the fact that they have never studied any exact science. The 
assumption seems to be that all the really great inventions are made 
by people who know nothing about the subject and that training in 
the exact sciences tends to build up complexes as well as beliefs that 
certain things can not be done; it is the function of these relatively in- 
nocent and untrained inventors to make those inventions which the 
scientists refuse to tackle. Another great talking point is that they 
have worked on the invention for many years, rarely fewer than ten 
and often seventeen to twenty, the number depending somewhat on 
the age of the inventor. A third point which is generally emphasized is 
that the invention has been submitted to great university scientists 
who were, however, unable to understand it. This inability to com- 
prehend is undoubtedly due to the complexes mentioned above. These 
scientists are in the majority of cases alleged to be personal friends of 
the inventors and Nobel Laureates would probably be painfully sur- 
prised and astonished if they realized how many inventor-friends they 
have. 

It is further characteristic of the devices that, whatever quantity 
may be read, the reading is generally high on oil or gas fields. In the 
case of devices which indicate direction, there is nearly always some- 
thing which points toward the oil field. The assumption seems to be 
that a device giving a reading of 10 on an oil field and 200 off the field 
would be harder to sell than one giving a high reading on the field; by 
the same reasoning an apparatus pointing away from the oil deposit 
would not be desirable. 

There are, roughly, five different principles which seem to be most 
useful in the design of oil finders. First, oil, gas, sulphur, even lime 
and granite, emit corpuscular radiations which can be observed by 
means of instruments at the surface of the earth. Second, the minerals 
which it is desired to find radiate vibrations which react upon the ob- 
server and enable him to locate them. Third, substances do not attract 
according to Newton’s law, that is the force of attraction is not pro- 
portional to the product of the masses and inversely to the square of 
the distance; the force of attraction is alleged to vary with the chem- 
ical constitution of the substances and there appear to be grave doubts 
also, to the effect that the exponent in the denominator is much, very 
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much indeed, too large. Fourth, oil and gas send out electro-magnetic 

waves which can be received with a sufficiently sensitive and properly 

tuned radio receiver. Fifth, organic substances exhibit sexual char- 

acteristics; sex, being one of the stronger emotions, can therefore be 

very profitably exploited in oil prospecting if the proper technique is’ 
employed. 

One of the processes based upon corpuscular radiations comprised 
a specially sensitized photographic plate contained in a plate holder 
which was impervious to the radiations from the oil or gas. When one 
considers that the plate was alleged to be sensitive to radiations from 
deposits at a depth of 10,000 feet, it becomes evident that the plate 
holder must have been made of formidable stuff if it prevented expo- 
sure from shallow deposits. To find oil, it was necessary to take the 
plate from the holder, to face north, to turn the plate from an upright 
to a horizontal position and back to the upright, to reinsert it in the 
plate holder, between 12:00 and 2:00 o’clock in the daytime, and in the 
“light” of the moon. Four plates were furnished for a trial; these were 
to be exposed as directed and returned to the inventor for develop- 
ment and analysis. Although he had one chance in sixteen of guessing 
all four plates correctly, he made a poor showing. 

Another instrument which worked on the same principle consisted 
of a small box which had a dial and pointer on the front side and sev- 
eral buttons on the back. To take a reading, it was necessary to push 
one of the buttons; this rotated the pointer into a vertical position. If 
radiations from oil reached the instrument, the pointer remained in 
the vertical position or dropped only slightly due to the upward force 
of the radiations, but when no oil was present the pointer dropped to 
the horizontal without further ado. Only the inventor could operate 
the device. The most attractive feature of the instrument from a pros- 
pective operator’s viewpoint was that it could be operated only from 
11:00 o’clock in the morning until 2:00 o’clock in the afternoon in the 
vicinity of Houston. 

An crdinary electroscope fitted with a specially designed indicator 
of the rate of discharge has been found to be sensitive to corpuscular 
radiations from oil; such an instrument could also be employed, so it is 
claimed, in medical diagnosis and was exceptionally useful in the de- 
termination of pregnancy. This device operated during all daylight 
hours, but could not be used at night; it was not quite as reliable on 
cloudy, rainy days as we learned after we had had it demonstrated in 
rainy weather. 
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The most versatile radiation-sensitive device consisted of a black 
rubber rod about six inches long on which was mounted a ball bearing; 
a brass rod carrying an adjustable weight on one end and a removable 
capsule about 2 inches long and one-fourth inch in diameter at the 
other end was fastened to the ball bearing and at right angles to the 
rubber handle. When the handle was held in a vertical position the 
brass rod could rotate in a horizontal plane. The radiations from the 
oil were said to issue from the ground in helical paths thus causing the 
rotation of the movable system. The speed of rotation was indicative 
of the gravity of the oil and also, in some rather involved manner, of 
the depth. When looking for other minerals, it was necessary to re- 
move the oil capsule and substitute for it one which would respond to 
the particular mineral. For really accurate work, there were additional 
oil capsules which could be used to determine fine differences in the 
gravity of oil. It was exceedingly interesting and gratifying to see the 
device start rotating on approaching a producing well. Needless to 
say, only the inventor could hold it, and it was necessary for him to 
be in motion to receive an indication, either walking or riding in an 
automobile. A few times, when we “‘chanced” rather suddenly upon a 
producer hidden in the timber, we observed violent rotations while a 
salt water capsule was being used, but who can say that there was no 
salt water below the oil? In every instance the device indicated oil 
after an oil capsule was inserted. The device was further demonstrated 
on an oil tank farm. It gave a rapid rotation on a tank containing 50 feet 
of East Texas oil and the same speed of rotation on a tank containing 
10 feet of Conroe crude which had originally been supposed to be full. 
The explanation was that the gravity of the oil was responsible. In 
order to test this explanation further the inventor was asked to try a 
tank of Sugarland oil; he did not know that the tank was empty at 
the time. The device rotated faster than ever, supposedly due to the 
gravity of the Sugarland oil which should have been in the tank. 

One of the most interesting inventors of an alleged radiation- 
sensitive device appeared on the scene very recently. He claimed that 
he could find salt or oil, that he had ‘“‘shot” 187 locations, and that in 
each case he had been right. When questioned about the radiations 
which he claimed were sent out by salt, he quoted physicists from 
three great American universities to the effect that ‘‘salt is more radio- 
active than radium itself.’”’ The wavelength of the vibrations emanat- 
ing from salt was alleged to be 0.00005 cm., and he had a book to prove 
this point. He had found that a lead shield absorbed the radiations 
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and nothing else did. His device enabled him to tune to the vibrations 
and was the result of ten years’ continuous research. 

The case is one of the best demonstrations of the truth of the state- 
ment, “‘a little knowledge is a dangerous thing.” The inventor had 
read of artificial radioactivity, discovered by M. and Mme. Joliet; 
they discovered that sodium can be made radioactive by bombarding 
it with highspeed electrons. The book gave the wavelengths of the 
sodium lines in the spectrum as 0.00005770 and 0.00005791 cm., re- 
spectively. Cosmic-ray investigators use lead shields. The only dif- 
ference, in the eyes of this inventor, between sodium and salt is a little 
chlorine; hence salt, sodium chloride, sends out radiations of the same 
wavelengths as sodium and all he needed was a device for tuning to 
them. 

The most prominent example of an instrument which permits 
vibrations from buried substances to react upon an observer is the 
divining rod. Since books have been written upon the subject, it will 
suffice to mention here that divining rods have indicated oil near an 
abandoned hole which was drilled into salt water on the north edge of 
the Conroe field and a salt dome between two producers on the field. 

Along the same line, it has been found possible to do geophysical 
prospecting from maps on which the north direction is indicated, with- 
out going on the ground. It is not even necessary for the person so 
beautifully endowed to be in the same country. Thus one can do 
prospecting in China without leaving his office in Houston, if only a 
map of the area in question can be procured. The mechanism of the 
process is not well understood. To one lacking imagination the de- 
scription sounds fantastic, but we have the inventor’s word of honor 
that the method works and that he has been able to locate every 
known oil field of which he ever had a map. 

The idea that Newton’s Law of Universal Gravitation does not 
hold has appeared in scientific literature; the subject was investigated 
by Eétvés and H. A. Wilson who found that the law holds to the limit 
of accuracy of their experiments, or to about one part in two million. 

Having convinced himself that the oil attracts oil with greater 
force than anything else, one inventor provided himself with a small 
vial containing the “bait” oil; this he mounted at the end of a long 
slender rod the other end of which was provided with a beautifully 
engraved and chromium plated handle. Holding.the instrument ver- 
tically with both hands on the handle, it was found that the “baited,” 
swinging end came to rest in the direction of the greater oil fields; 
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thus it was possible to point out Conroe, East Texas, Sugarland, 
among others, from a room in a Houston hotel. When the “‘bait”’ was 
changed to whiskey, the device in the hands of the inventor stub- 
bornly pointed to a leather bag lying on the bed; the inventor asked 
his friend how this could possibly be explained since they had finished 
the last bottle that morning and he had not bought more. Upon open- 
ing the bag a pint bottle was revealed and the friend admitted having 
bought it that afternoon without telling the inventor about it. Thus 
it was proved that the device was not manipulated or influenced by 
the operator. 

Another ingenious device operating on the same principle was 
made by pouring a few drops of oil into a little vial which was sealed 
and immersed in a bottle of transparent liquid. The bottle was then 
corked. When the inventor approached a can of oil standing on the 
ground the vial was seen to descend in the liquid; on backing away 
from the oil can, the vial rose in the liquid to its former position. One 
could hardly refrain from asking for permission to make personal 
tests, but the inventor declined, because the instrument would work 
only for him and for nobody else. It was different in this respect, and 
perhaps in this respect only, from the ordinary Cartesian diver. 

Two companion inventors discovered that if a bottle of oil was 
fastened to the end of a green sapling about six feet long and the other 
end held against the abdomen of one of them a distant oil field exerted 
a perceptible force on the bottle, pulling it in the direction of the field. 
The operator could then exert a force in the other direction, pulling 
the bottle back toward himself, after which the force from the field 
again became operative. An oscillation was thus built up and main- 
tained, and the inventors had learned that each field had its own and 
characteristic period of oscillation. The periods had been determined 
for a large number of Gulf Coast fields. There was good reason for be- 
lieving that these men were sincere and that they had done all this 
tedious work. 

A Louisiana inventor built an instrument for sulphur finding. 
Delicately poised weights of sulphur were observed by means of an 
optical system; when everything was balanced one could read the 
direction of the sulphur deposit on a divided circle, the distance on a 
dial, and the depth could be calculated, The range of the device was 
150 miles; the inventor was thus able to work approximately 70,000 
square miles without leaving his office. An instrument for finding oil 
is now being developed against the time when all the sulphur shall 
have been discovered. 
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If Newton’s law does not hold, it is a mistake to use torsion bal- 
ances with gold weights. Salt masses ought to be used for finding salt 
domes; after these have been located it will be necessary to substitute 
sulphur masses to locate the sulphur deposits. The development work 
on this new type of torsion balance has been done in Europe; at the 
present time, attempts are being made to extend the principle to oil 
finding, but it has been reliably reported that no usable container for 
oil has as yet been found. It seems that all solids thus far tried for 
containers cancel the force of attraction between the oil in situ and the 
oil sample in the bottle. It is apparent that this device will be ex- 
tremely valuable if the difficulties can be overcome. 

Claims are made that very short radio waves penetrate inienia 
great depths of ground and are copiously reflected from oil and gas 
sands. No definite information about the wavelengths used seems to 
be available, but they are alleged to be very short. 

Two inventors appeared with a box on which was mounted a glass 
tube containing a red liquid similar to the fuel gauge on automobiles. 
A pair of aluminum chains was attached to each of two opposite sides 
of the box; one pair of chains had a conical aluminum cup fastened to 
the end of each chain while brass rods were attached to the ends of 
the other chains. One of the inventors took a cup in each hand, while 
the other held the rods and pushed against the cups with a rod inserted 
in each cup. The deeper the oil, the more the men had to push against 
each other; it was explained that the intensity of the electromagnetic 
waves sent out by the little box depended upon the force exerted be- 
tween the brass rods and the aluminum cups. When the waves reached 
the oil or gas sand, the red liquid began to rise; the height to which it 
rose depended upon the thickness of the oil sand, and gas sands had 
been found to give a smaller effect than oil sands. The men estimated 
the depth of the sand from the force which they had exerted; it is 
remarkable that they were thus able to give depths to a few feet in 
several thousand. 

A better device was built by a young man who discovered that the 
short electromagnetic waves emanating from oil and gas sands could 
be caused to modulate the wave of a radio transmitter; the modulated 
wave actuated a loud speaker. It was the thrill of a lifetime to drive 
to an oil field with everybody quiet, hardly able to bear the suspense, 
and not a sound coming from the loud speaker. Upon reaching the 
first producer, a faint scratching could be heard which was soon fol- 
lowed by a gurgling sound, caused, so said the inventor, by the flowing 
of the oil in the pool. Upon driving toward the middle of the field the 
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gurgling became more distinct, then fainter, and ceased altogether 
on top of the field; soon, however, a hissing noise was heard which was 
due to the gas in the gas cap! The device was perfect; there was no 
chance for misinterpretations, because no other substances gurgled 
or hissed. Salt water gave no sound whatever. Also, the waves emerged 
vertically, so that one could be sure that the oil was directly below the 
instrument when the gurgling was heard. 

What seemed like a similar device, perhaps utilizing the same 
principle, was offered for sale by two foreigners. They connected their 
radio receiver to a telephone bell; when the receiver was vertically 
above the oil the bell rang and kept on ringing until the field had been 
crossed. This scheme is inferior to the previous one because it does 
not permit of differentiation between oil and gas. 

Another invertor used a short-wave transmitter and a wire, about 
100 feet long, which was laid on the ground as an antenna. He stated 
that he had difficulty in Oklahoma at times, because the rocks were 
too hard and dry; in the Gulf Coast there was no trouble an account 
of the soft and water-logged sediments. There were three dials on the 
little beautifully finished box; one indicated resistance, the next 
capacity, and the third, the B-battery voltage. The dials were ad- 
justed until a standing wave was set up between the transmitter and 
the oil sand. The three readings of the resistance, capacity and volt- 
age were then multiplied to give the depth of the sand in feet. 

It is not known how a certain investigator discovered that oil 
exhibits female characteristics; be that as it may, he alleged that oil 
was essentially female. Having made this startling discovery he began 
a search for a male substance, preferably a liquid, which could be used 
in finding oil. After many years of painstaking investigation, he found 
such a liquid; he had a jug full of it, filled to the stopper. The presence 
of oil was shown by the response of a suitably connected indicator. 
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ON SEISMIC COMPUTATIONS, WITH APPLICATIONS, I! 


M. M. SLOTNICK? 


INTRODUCTION 


The problem of depth determinations from data obtained by the 
method commonly called “reflection shooting” is an interesting one 
and one which, very often, assumes an importance that justifies a 
good deal of study. It is the purpose of this paper to indicate a method 
for depth determination in two cases which very closely approximate 
some situations. It turns out that the discussion leads to a set of 
charts which are universal in the sense that the charts are based on 
dimensionless quantities and are therefore applicable to any set of 
units and for any “‘spreads” desired. Inasmuch as “average vertical 
velocities” are often used in practice, the cases considered in this 
paper are compared with the results obtained by using the “average 
vertical velocities,” and it is found that for short “‘spreads”’ the depths 
obtained by either method check very well. 

Consider an ideal subsurface situation, a vertical section of which 
is illustrated in Fig. 1. Here the line OP represents the surface of the 
earth, under which there are media whose interfaces are planes par- 
allel to the surface of the earth. The thicknesses of these media are 
hy, he, - ++, ha, aS shown in the figure, and the seismic velocities 
therein are, respectively, 2, v2, -:~- , Un. We choose OP as the x-axis 
and the vertical line through O as the h-axis. The path of a wave, orig- 
inating at O and arriving at P after being reflected at the point R is 
such that the following conditions obtain: 


h; tan aj, 


(1) 
t=2)> h,/v; cos ai, 
i=l 
and 
(2) sin a,;/v;= p. 


1 Published by permission of the Board of Directors, Humble Oil and Refining 


Company. 
2 Mathematician, Geophysics Department, Humble Oil and Refining Company. 
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The first equation represents the fact that the distance OP=x is 


twice the orthogonal projection of the wave path from O to R on the 
x-axis. In the second equation, ¢ is the travel-time of the wave from 
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O to R to P. Finally, equation (2) is the law of refraction of the wave 
at each interface in the ideal case under discussion. 
Using equation (2) in equations (1) ,we obtain 


x= 2 > hipo;/(1— 
t=1 
(3) 


These two equations represent parametrically the so-called time- 
distance curve of the wave originating at O and reflected back to the 
surface (x-axis) from the bottom of the mth medium. The significance 
of the parameter p will perhaps be best realized by taking 7=1 in 
equation (2); i.e., 


(4) p=sin a/n, 


from which we see that p is proportional to the sine of the angle 
of emergence of the wave. Another property of the parameter is 
obtained by differentiating equations (3): 


(s) dt/dx=dt/dp + dx/dp =p; 


i.e., the slope of the time-distance curve (3) at any point is equal to 
the value of the parameter / corresponding to that point. 

From considerations of symmetry, it is obvious that we need con- 
fine ourselves only to values of p20. For p=o, equations (3) reduce 
to the case of “vertical reflections”’: 


n 
(6) x=0, t=2)>> hi/0;. 
Let »% be the greatest of the velocities 1, v2,---, %m. Then, as p 


increases from o to 1/2, x and ¢ both increase indefinitely from their 
values in equations (6). In fact, it can be shown that the time-dis- 
tance curve (3) will have as its asymptote the line whose equation is 


(7) x= 20, >, hi [1 — (05/4)? ] 
i=l 
In particular, if the velocities increase with depth; i.e., 1<v2< -- 


<v,, the time-distance curve of the reflection from the bottom of the 
nth bed will have as its asymptote the straight line which is the re- 
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fraction time-distance curve from the upper interface of the mth bed. 
The tangent line to the reflection time-distance curve whose slope is 
1/Un41 (Un41>) is the refraction time-distance curve of the next 
lower interface. 

We shall now consider the case in which the subsurface conditions 
are such that the velocity v is an integrable function of the depth h, 
v=v(h). In such a case, the situation may be approximated in the 
usual manner of the integral calculus by considering the total depth 
h divided into a large number, , of beds by planes parallel to the sur- 
face. Let the thickness of each bed, Ah;, be sufficiently small and assign 
a suitable mean value »; as a constant velocity for each bed. Then, as 
the number of beds is allowed to increase indefinitely in such a way 
that the total depth % is held fixed and all the Ah,’s approach zero, 
equations (3) become: 


h 
waa /[x— }ah, 

(8) 
imo f {1/v(h) - [1 — p2v(h) dh. 


As before, p is a parameter with the two properties: 


(9) p=sin a/v=sin ao/2, 
and 

(10) p=di/dx, 

where 


ao is the angle of emergence of the wave, 
Yo is the wave velocity at the surface, 
a is the angle between the positive h-direction and the wave 
path away from the surface, and 
v is the velocity at the depth h. 

It is well to keep in mind that equations (8) are quite general and 
include equations (3) as a special case. Following considerations anal- 
ogous to those already discussed, equations (8) are valid so long as 
pv<z1 in the interval of integration. As p increases from o to 1/%m, 
where v,, is the maximum value of v(%) in this interval, equations (8) 
represent parametrically the time-distance curve of the reflections 
from the depth h. In this case, « and ¢ do not necessarily increase in- 
definitely as p increases. 
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Equations (8) may be considered from yet another point of view. 
Consider an arbitrary but fixed value of p and let the upper limit of 
integration / be so chosen that pv(k) =1. The equations will then rep- 
resent parametrically the travel-time of the wave from O, refracted 
from the depth h/ back to the surface at the distance x. In this case we 
speak of the wave as being the “direct wave,” and the depth / as the 
depth of penetration of the wave corresponding to the distance ~x. 

It is also well to note that the first of equations (8), with the factor 
2 eliminated, p being fixed, is the equation of the wave path from O in 
the (x, )-plane. 

The situation is illustrated in Fig. 2. Here the curve R represents 
the time-distance curve of the reflections from the interface A A above 
which it is assumed that »v=0(/) and below which the velocity is con- 
stant, 1. If the depth of the plane AA below the surface Ox is m, then, 
in the figure, we have assumed that 2; >0(/). The curve D represents 
the time-distance curve of the direct wave, which is valid until the 
point corresponding to the depth of penetration, 4, is reached, when 
it must clearly merge into the curve R, and beyond this point both 
curves cease to exist. The line, Z, represents the time-distance curve 
of the wave refracted along AA. This obviously must be the extension 
of the tangent line to R, beyond the curve D, whose slope is 1/1. 

The waves whose travel-time are represented by D are shown in 
solid paths. The waves which are reflected and correspond to the curve 
R are shown in dotted paths. The refracted waves corresponding to L 
are shown in heavy paths. 

We proceed to apply these considerations to two cases and to com- 
pare the results obtained with those resulting from making average 
vertical velocity assumptions. 


THE LINEAR CASE: 
With this hypothesis, equations (8) become: 
x= (2/ap) { (1— [1— 
(11) t= (2/a) log {(vo+ah) [1+ (1— } 


Eliminating the factor 2 from the first of these equations, we note that 
it may be written 


(12) {a— [(x— p00?) }?-+ (v0/a) }?= 1/a%p?, 
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which establishes the well-known fact that, in this case, the wave 
paths are arcs of circles whose centers lie on a fixed line parallel to 
and “above” the «x-axis. 


t 
AA 
AT 
i 
h sina = VELOCITY’ V, 
Fic. 2 


Again, if we choose » in equations (11) such that p(vo+ah) =1, 
they become 
(13) a= {2(v+<ah)/a} [v02/(vo+ah)?] } 
t=(2/a) log {1+(ah/vo)} {1+ 
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and, upon eliminating / from these two results, we arrive at the well- 
known equation 


t=(2/a) log {(ax/200) + [(ax/200)?-+1]"/?} 


(x4) =(2/a) sinh—! (ax/209). 


This is the time-distance curve expressing the travel-time of the “‘di- 
rect wave” at a distance x, the velocity function being v+<ah. It 
follows that the depth of penetration is, in this case, 


(15) h= (vo/a) { [2+ 


We return to a discussion of equations (11). It is advisable to in- 
troduce at this stage the following new variables: 


(16) t=at/2, o=ax/ 209, A= (29+ ah) /v0. 


These new variables, 7, ¢, and \ are dimensionless. 

If equations (11) are rewritten in terms of these variables and the 
parameter p eliminated from them, we get as the equations for the 
time-distance curves of the reflected wave from various depths: 


(17) r=cosh- 


These curves, corresponding to various values of \ are very easily 
plotted. In Fig. 3, we have a chart of these curves in which 


3.2, 


It will be seen that these curves envelope the ‘“‘direct wave” time- 
- distance curve (14) which, in terms of the dimensionless variables 
has the equation 


(18) T=sinh™ o. 


Each of the curves has a point of inflection at its point of contact with 
the envelope. Beyond this point (in the positive o-direction), the curve 
is concave downward, although monotonically increasing. For our 
purposes, these curves are meaningless beyond their points of con- 
tact with the envelope. 

To use this chart, we must assume that we know the values of a 
and vp. Having observed the travel-time ¢ of a reflection event at a 
distance x, we compute 


(19) g=ax/2v, and r=at/2, 
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and find the value of \ for that curve of the family (17) which passes 


through the point with the coordinates (19). Then 
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we have 
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velocity rather than the actual velocities. In the case under discussion, 
we have as the travel-time of the vertical reflection from a depth h 


(21) waa log X, 


in which, as before, and X= (v9+ah)/v. ‘Tins, the average 
vertical voles to this depth is 


(22) Vq= 2h/t, = ah/log X. 


The next step in practice is to assume the wave paths to be rectilinear 
in a medium of constant velocity v,, so that the time-distance curves 
become: 


(23) Vat = (4h? +x?) 


Actually, this equation yields the correct result only for x=o0; but it 
is of interest to find the error involved in using this equation for other 
values of x. Equation (23) can be transformed, by using the vari- 
ables introduced in (16), into the form: 


(24) r= 1? log X. 


This equation represents the right-halves of a family of hyperbolas 
which are shown in Fig. 4. Each curve of the family intersects every 
other one, and it can be shown that all these intersections are such 
that (¢/r) >1. The line s=7 is shown in Fig. 4 and corresponds to the 
time-distance curve of the surface wave. If we assume the travel-time 
of the reflected waves to a certain distance to be greater than the 
travel-time of the surface wave over that distance, a unique value of 
is obtained from the chart. This assumption, however, is not neces- 
sarily valid, and‘it follows, therefore, that in using these average 
vertical velocity curves an ambiguity in }; i.e., in depth, may arise. 
Where no ambiguity exists, the average vertical velocity charts will 
give a smaller value of }; i.e., a shallower depth, for a given o(4o) 
and 7. However, for values of o small enough, the error introduced by 
using the curves of Fig. 4 rather than those of Fig. 3 is very small. 


THE EXPONENTIAL CASE: exp(ah).? 


Equations (8), in which we assume v= 29 exp(ah), become 


3 The notation exp (x) is used to indicate the natural base e raised to the power 
x; ie., exp (x) 
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x= (2/a){sin- [poo exp (ah) ]—sin- 
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Thus, we see that x is proportional to the difference between the angle 
of emergence and the angle of reflection of the wave, whereas ¢ is 
proportional to the difference between the cotangents of these angles. 

The equation of the wave path is obtained from the first of the 


i 
si 
‘34 
ae 
4 
} 
| 
q 
{ 
i 
14 
a 
id 
é 


ON SEISMIC COMPUTATIONS, WITH APPLICATIONS, 1 19 


preceding equations from which the factor 2 has been eliminated; i.e., 
(26) sin-! exp (ah) ]|—ax=sin-! (po). 


Again, if in equations (25), we choose p such that po exp(ah) = 1, 
these equations become 


cos (ax/2)=exp (—ah), 
avot = 2[1—exp (—2ah) 


(27) 


and, upon eliminating / from these two results, we obtain 
(28) t=(2/avo) sin (ax/2). 


This is the equation of the time-distance curve of the direct wave, 
which penetrates to a depth / over the distance x in time ¢. Here h 
is given by 

(29) = —(1/a) log cos (ax/2). 

It is interesting to note that for x=2/a, ¢ reaches its maximum value; 
i.e., (2/avo) (cf.(28)), and for this case, the depth of penetration is 
infinite. Thus, for practical purposes, we must have x<(x/a), corre- 


sponding to which ¢<(2/avp). 
We return to equations (25), and introduce the new variables 


(30) o=ax/2, T=avot/2, A=v/v9=exp (ah). 


As in the linear case, so also here are the variables, «, r, and d, dimen- 
stoniess. 

If, now, equations (25) are rewritten in terms of these new vari- 
ables and the parameter ? is eliminated from them,‘ they yield the 
result: 


(31) 7?=1+(1/d*)—[(2 cos /A]. 


Inasmuch as \=v/29=exp(ah), we have h=(log \)/a. Thus, it is 
advisable to introduce a further dimensionless variable log X, into 
equation (31). 

In Fig. 5, we have drawn this family of curves for the region de- 
fined by 


oSoS.50, 
.05, .10, .15,° °°, 


4 In the process of elimination, the ambiguities in sign which enter are evaded by 
noting that when g=oandA=1. 
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The envelope of these curves is, of course, the ‘‘direct wave’ 
time-distance curve (28), which, in terms of the dimensionless vari- 
ables assumes the form: 


(32) T=sin o. 
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Each of the curves of the family has a point of inflection at its point 
of contact with the envelope; and, obviously, we are interested in 
these curves only between the r-axis and the envelope (32). 

To use this chart, we must assume that the values of a and vp are 
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known. Having observed the travel-time ¢ of a reflection at a distance 
x, we compute 


(33) o=ax/2, T=avot/2 
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and find the value of u for that curve of the family (31) which passes 
through the point with the coordinates (33). Then, since 


u=log A\=log (v/v9) =ah, 
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we have 
(34) 


Just as was done for the linear case, so also here do we proceed to 
construct a chart for the average vertical velocity function rather 
than the actual velocity function, as was done in Fig. 5. For the 
travel-time of the vertical reflection from a depth h, we have 


h 
(35) (x/9)dh= (2) a0) [x—exp 


Accordingly, the average vertical velocity to this depth is 
(36) 2h/ty= 


since \=v/v9=exp(ah). Assuming, now, the wave paths to be linear 
and travelling to a depth / with the constant velocity v4, we have, as 
before (cf.(23)): 


Vat = (4h?+ x?) "2; 
or, in the dimensionless variables: 
(37) {[1—exp (—x)]/u} {o?+u?} 


These curves are shown in Fig. 6. As in the linear case, the line 
o=r divides the chart such that in the region for which (o/7) <1 there 
are no ambiguities in yw; and, the line o=7 is the equation of the sur- 
face wave in the dimensionless coordinates. 

In conclusion, it is quite evident that the method outlined in the 
early part of this paper can be used to set up depth determination 
charts for a great variety of “velocity-depth” functions and that the 
results are not merely a matter of academic interest. It is not to be 
expected that the charts in all cases will be as simple as those dis- 
cussed in this paper, but, when made, the ease of using them is readily 
apparent. 
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MAGNETIC PROSPECTING IN SANTA 
CATHARINA, BRAZIL! 


MARK C. MALAMPHY? 


INTRODUCTION 


In June of 1933, Dr. Euzebio Paulo de Oliveira, Director of the 
Servigo Geologico e Mineralogico do Brasil, instructed the author to 
make a Geophysical Survey of a large part of the Permian Belt of the 
northern part of the state of Santa Catharina. He expressed himself 
as being of the opinion that hidden structures might be found in this 
area. 

Various factors led to the selection of the magnetic method for 
the first Reconnaissance Survey. This method should be quite sensi- 
tive to the basic igneous intrusives, known to be common in the area, 
and should be affected by any important changes in the relief of the 
crystalline and metamorphic rocks of pre-Cambrian age which are 
presumed to underlie the area at moderate depth. The rapidity and 
economy of the method were also in its favor. 

Several weeks were spent in preliminary tests and adjustments of 
instruments, in the construction of a temporary observatory for the 
recording of the diurnal variation, etc. About six weeks were spent in 
actual field work, during which time more than 500 kilometers of 
magnetic profiles were observed in addition to a considerable amount 
of semi-detailed observations in the vicinity of important anomalies. 
Some time was lost due to inclement weather and in the establish- 
ment of secondary bases, preparation of maps and graphs, etc. 

The original report on this survey, in Portuguese, was presented 
to the Director early in 1934. Since that time, additional geological 
data has been gathered and published by V. E. Oppenheim, and addi- 
tional geophysical observations have been taken in other localities 
within the Permian Belt. Although the present paper refers specifi- 
cally to the original survey, all posterior data has been taken into 
consideration and certain minor modifications have been made in the 
interpretations. 


1 Published by permission of the Director of the National Department of Mineral 
Production, Ministry of Agriculture, Brazil, 

2 Consulting Geophysicist, Servigo de Fomento da Producgéo Mineral, Rio de 
Janeiro, Brazil. 
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GENERAL DESCRIPTION OF THE AREA 


The area studied had its approximate center in Latitude 26° S. 
and Longitude 50° W. of Greenwich. The North-South extension of 
the area was approximately 100 Kms. and the East-West more than 


150 Kms. The total area may be conservatively estimated as ap- 


proximately 10,000 Kms.” 


The area is an anciest peneplain with an average elevation of 
approximately 850 meters above sea level. It has suffered moder- 


ately intense erosion and differences in 


elevation of more than 100 
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Fic. 1. Sketch Map Showing General Geology of the Region. 
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meters are common. On the east, it is bordered by the Serra do Mar 
which later falls in an abrupt scarp to sea level. To the west and south- 
west we have the Serra Geral, formed by the Eruptive Trapps of 
Triassic time. A water divide, known as the Serra do Espigao, passes 
westward through Moema, Iracema and Papanduva, later turning 
south to pass through Rancho Grande. Waters falling to the north and 
west of this divide drain into the Rio de la Plata via the Negro- 
Iguassi-Parand River System. That falling to the south and east 
drain directly into the Atlantic via the Rio Itajahy do Norte. 

The region is populated by colonists of foreign origin and is con- 
nected with the port of Sao Francisco as well as the neighboring states 
by means of the Santa Catharina-Parané Railroad. The network of 
roads is fairly complete and afford easy passage to automobiles, es- 
pecially during the dry season. 


GENERAL GEOLOGY 


The sketch map of Fig. 1 which is adapted from the recent Geologic 
Map of Southern Brazil compiled by the Geologist of the Servicgo de 


TABLE I 
GrEoLocic CoLuMN OF GONDWANIC Rocks oF SouTH BraziL. (AFTER OPPNEHEIM.) 
Rhetic Caiu4 Sandstones (in Sao Paulo) 
Upper Sao Basaltic Lavas of the Serra Geral 
Triassic Bento Botucaté Sandstones 
Series Local Nonconformity 


Rio do Rasto Group: Red and variegated sands and clays. 
Santa Maria beds with fossil reptiles. 


Nonconformity 
Triassic Upper Estrada Nova: Sandy-clay shales, yellow, purple and 
low, purple and variegated. 
Dois Terezina, Rocinha and Serrinha Beds. ; 
Presumable Nonconformity 
Upper Lower Estrada Nova: Gray Shales and Sands. 
Permian Bituminous Shales and Limes of Iraty Group 
Tuberao Gray Sandstones and Shales of the Palermo and Rio Bonito 
Lower Series Groups. 
Permian 
Itararé Glacial Sediments of the Itararé 
Series 
Nonconformity 
Devonian* Devonian Sediments: Tibagy Sandstones, Ponta Grossa 
Shales and Furnas Sandstones. 
Nonconformity 
Slates of Santa Catharina - 
Silurian Metamorphic Rocks of the Series de Minas, Sio Roque, etc. 
to Archean Granites and Archean Rocks. . 


* Devonian is missing in Santa Catharina. 
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Fomento da Produccdo Mineral, Victor E. Oppenheim (1)? shows the 
general geology of the region. The Geologic Column adopted by Op- 


penheim in the above-mentioned work is given in Table I. 


In the above mentioned report Oppenheim gives the thicknesses of 


these various Gondwanic sediments as shown in Table II. 


TABLE II 


APPROXIMATE THICKNESSES OF THE GONDWANIC Rock 


Sao Bento Series 


Estrada Nova 100 to 200 
Passa Dois Series Iraty 
Tubarao Series 
Itararé Series 500 to 700 


He declares that the thicknesses of the various formations vary 
from one point to another in this vast sedimentary area but the total 
thickness is of the order of 1,500 meters. The close relation between 
the Gondwana sediments and the intrusive masses might result in still 


greater thicknesses in certain localities. 


Referring to the particular area surveyed, two wells were drilled 
in the search for petroleum on the western border. The -ocation of 
these wells is shown in Fig. 2 and their logs as analysed by Oppen- 


heim are given in Table III. 


TABLE III 
SumMarRY OF Locs oF Two WELLS DRILLED NEAR CANOINHAS 

Name and number Piedade 62 

Drilled by S.G.M.V. in years 1927-28 

Altitude of well (Referred to Sea Level) 765 Meters 

Total Depth Drilled 472 = 

Altitude of Base of Estrada Nova above S.L. 634 «= 

Altitude of Base of Iraty above S.L. 503“ 

Altitude of Base of Tubarao above S.L. — = 

Abandoned in Itararé at altitude of 294 =“ 


40 to 70 
100 to 250 


150 to 250 Meters 
“ 


“ 
“ 


Canoinhas 82 
1929-33 
760 Meters 
684 

685 “ 

612 

376 

* 


GEOLOGIC HISTORY AND TECTONICS OF REGION 


Euzebio Paulo de Oliviera, in his Monograph on the Geology of 
Parana (2) describes the Geologic and Tectonic history of the neigh- 
boring state of Parand. A considerable amount of his data also refers 
to Santa Catharina and we may adopt his conclusions for the area 
under consideration. Oliveira says: (Abridged free translation, pages 


101 and 104.) 


“After the formation of the basement complex of Archean rocks, 


3 Numbers in parenthesis refer to Bibliographic References at end of paper. 
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orogenic movements occurred; faulting and folding was accompanied 
by metamorphism and the eruptions of granites. These rocks were 
then subjected to intense erosion and later covered with sediments 
of presumable Ordovician age which, in turn, were again subjected 
to orogenic movements. These movements of Ordovician time closed 
the cycle of tectonic disturbances. 

“To the west of the massive, enormous deposition of sediments 
occurred which, by transgression, buried the western border of the 
massive. During, or directly after the orogenic movements of Ordo- 
vician time, an invasion of igneous rocks occurred. 

“Prolonged erosion modified greatly the physiography of the land 
mass and resulted in the removal of a great part of the older sedi- 
ments, exposing many of the igneous intrusives. This erosional period 
continued until the beginning of the Devonian when a new trans- 
gression of the sea occurred and deposition of sediments followed. 

“Later, there was another period of general uplift and intense 
erosion resulting in the removal of all the sediments of ages ranging 
from the Eo-Devonian to the Permian. 

‘‘At the beginning of Permian time, the temperature fell and the 
Glacial period of the old Gondwana Continent began. Deposition of 
sediments continued through Permian and Triassic time, the later 
sediments showing evidence of fresh water origin. 

“The Triassic formations were covered by immense lava flows 
generally known as the ‘Trapps.’ 

“Tt is certain that there were no orogenic movements in post- 
Ordovician time which were capable of disturbing the approximately 
horizontal position of the later sediments. The movements which 
have been verified were in a vertical sense, faults of variable ampli- 
tude and extension, etc. Neither are there any indications of dy- 
namic metamorphism in the post-Ordovician rocks. 

“The basic eruptives which occurred as lava flows and dikes, pro- 
duced contact metamorphism in the sedimentary formations, harden- 
ing, and sometimes vitrifying them, changing their coloration, etc. 
As far as we know, these Triassic Trapps represent the last volcanic 
eruptions in this region. 

“The joints, fractures and faults in the sedimentary formations 
facilitated their erosion and played an important role in the de- 
termination of the topographic features we find today.” 

The work of Oppenheim treats particularly with the Gondwana 
Sediments of Permian and Triassic age. He describes the structure 


| 
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of the Parana Basin in the following terms: (abridged free translation, 
pages 44-45).* 

“Two characteristic structural factors are evident in the entire 
extension of this sedimentary belt. First, magmatic intrusions in the 
form of dikes with extensive ramifications, sills, necks and even great 
batholiths; Second, fractures and faults, generally of small vertical 
projection and great territorial development. These fractures are 
principally related to the magmatic intrusions for which they offered 
easy means of ingress. 

“These faults are common to the entire sedimentary area of the 
Parana Basin, as evidenced by the logs of numerous wells which have 
been drilled in this great region. 

“These diastrophic movements affected simultaneously the effusive 
masses and adjacent sediments as well as the crystalline and meta- 
morphic rocks of the Basement Complex. 

“The intrusives which cut the sedimentary series apparently repre- 
sent various cycles of eruptive activity. Apart from the predominate 
basaltic intrusives, acid nephelinic rocks are found such as at Lages in 
Santa Catharina. 

“These intrusives exercised a pronounced effect on the sediments 
causing local structures, sometimes with considerable relief. They 
formed domes, frequently elliptical in shape, with their major axis 
generally parallel to the scarp of the Serra Geral. 

“The characteristic ‘cross bedding’ of many of the formations 
make their apparent stratification useless for tectonic studies such 
as some geologists have attempted to make. 

“‘We may sum up the tectonic character of the Paran4 Basin in the 
following words: It is a Geosyncline with the character of a ‘Graben’ 
between latitudes 18° and 24° South, and a Monocline between Lati- 
tudes 24° and 33° South. The structure is that of a series of faults ‘en 
echelon’ from east to west with considerable development in succes- 
sive steps of small vertical projections. The same characteristics are 
evident in the direction from north to south. 

“The eastern border follows the crystalline complex while the 
western part of the area forms the continuation of the great depression 
of the Chaco and East Argentina.” . . 

No detailed geologic studies have ever been made in this area. 
The interpretation of our geophysical anomalies must rest on purely 


4 The original report on this survey had been handed in before Oppenheim began 
his study of this region. 
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geophysical hypothesis and the geologic background which has been 
described in the foregoing paragraphs. 


GEOPHYSICAL INSTRUMENTS AND FIELD TECHNIQUE 


Our field party was equipped with two Askania Werke Schmidt- 
Lloyd Magnetic Field Balances for the vertical intensity and two for 
the horizontal intensity. One each of these instruments was adapted 
for photographic registration of the diurnal variation. These instru- 
ments were supplied with the new type ‘‘Temperature Compensated” 
magnetic systems. An old type Askania Vertical Magnetometer was 
sometimes used for a check control on the secondary bases. 

Our instruments were calibrated at periodic intervals by means of 
a modified form of the Helmholtz Coil, also of Askania manufacture. 
An extension tube was available for the checking of the moments of 
auxiliary magnets etc. 

Preliminary measurements showed that the Vertical Field Mag- 
netometer had a defective system which was particularly sensitive to 
temperature. This system has been described in a previous publica- 
tion (3) and no details need be given here. The system was inter- 
changed with that of the recording magnetometer which was subject 
to a much smaller and more constant temperature change, due to its 
mounting in an underground recording chamber. 

It may be of interest to give a very brief description of our record- 
ing chamber. A pit measuring slightly more than 2X5 meters was 
dug to a depth of almost 3 meters. It was then lined with tongue and 
groove boards and covered with a roof of lumber, heavy paper and 
canvas. (In more recently constructed recording chambers, we have 
used a roof of lumber, celotex and ruberoid.) Provision was made for 
natural ventilation by means of air ducts shielded against the direct 
entrance of light. Steps led into an ante-chamber which was separated 
from the recording chamber by a board partition fitted with a double 
curtain. The interior recording chamber was made absolutely light 
proof by chinking any small cracks which let in the smallest amount of 
light. 

Although slightly damp, this recording chamber gave excellent 
results. With exterior temperature variations as large as 25°C., the 
maximum change recorded inside the chamber was less than 5°C., and 
the temperature gradient was very small. Consequently, no diffi- 
culties were experienced in correcting for the temperature effect on 
the defective system. 
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Before our instruments were readjusted for the normal intensity 
of the region, an approximate determination of the intensity was 
made. The instruments were balanced to read near the center of the 
scale by means of carefully calibrated auxiliary magnets. The dif- 
ference in scale reading (from center) and the field due to the magnet 
were calculated in gammas and added to the original calibration in- 
tensity of the instrument. A number of determinations using different 
instruments, magnets and distances were made and the mean value 
used. Deviations from the mean were greatly inferior to the possible 
error in the assumed value of the original calibration. The values 
finally adopted for the base station at Mafra, in Santa Catherina were 
as follows: 


H = 23,770, gammas 
Z=—9,215, gammas 
T=21°rr' S. 
D= 8° ‘ W. (Taken from Map of National Observatory.) 
The values thus obtained are in good agreement with the data 
of the Carnegie Institute for South Brazil, but we do not consider 
them to be accurate to within more than a few hundred gammas. 


FIELD PROCEDURE 


Normally, observations were taken along the road at intervals of 
one kilometer as measured by the speedometer of the automobile. 
Where anomalous intensities were noted, intermediate stations were 
occupied at such points as the judgment of the observer indicated. 
Detailed observations were made in several localities for the purpose 
of obtaining a better understanding of the characteristics of the 
various types of anomalies which were observed. 

A principal base station was established near the temporary ob- 
servatory, and was assigned an arbitrary value of too Gammas in 

_H and Z. As long as the field stations were within the approximate 
vicinity of the principal base, this station was repeated two or more 
times per day. As the field stations became more distant, secondary 
bases were established and referred to the principal base by repeated 
measurements on different days. Differences in the corrected base 
readings were distributed among all the observed stations, considera- 
tion being given to the time, temperature and distance. Base read- 
ings seldom differed by as much as 20 gammas and generally agreed 
to within ro gammas. On the basis of repeated measurements of 
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numerous stations, we believe our data to be correct to within rela- 
tively few gammas. 

A latitude correction was deduced from the few observations of 
the Carnegie Institute in South Brazil. The general trend of our curves 
show that the correction factor used was approximately correct. 

A small temperature correction was applied to the field instru- 
ments, this being considered more advisable than an attempt to cor- 
rect their compensation before we had adequate apparatus for the 
more accurate determination of the temperature coefficients. 


PRESENTATION OF GEOPHYSICAL DATA 


The map of Fig. 2 indicates the locations of the various roads 
along which magnetic observations were made. A comparison of this 
map with the Geologic Map of Fig. 1 will show that our survey ex- 
tended into the region of crystalline and metamorphic rocks on the 
east and crossed the entire belt of Gondwanic Sediments to the west 
and south. 
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Fic. 2. Sketch Map showing locations of magnetic profiles, lines of equal corrections 
for Latitude, and locations of wells whose logs are given in Table III. 
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The Graph of Fig. 3 represents the variation in magnetic intensity 
along an East-West profile crossing the entire Permian belt. For con- 
venience, the location of the contacts of the various geologic forma- 
tions are indicated at the bottom of the figure. 
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Fic. 3. Magnetic Profile from Canoinhas to Campo Alegre with 
indications of the geologic series crossed. 
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This long magnetic profile is characteristic of all the data obtained 
in the area and will suffice for the demonstration of the variation in 
magnetic intensity observed over the Gondwana Rocks. 

In Fig. 4 we present an Iso-Anomaly Map of the Vertical Intensity 
in the vicinity of the cities of Mafra and Rio Negro (State of Parana). 
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Fic. 4. Iso-Anomaly Map of the Vertical Intensity in Vicinity of Mafra. 
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This map shows several closed magnetic anomalies and a general 
anomaly with a N.-NE. trend. 

In Fig. 5 we present three profiles crossing a single anomalous 
mass. The strike of this mass has been determined by joining the 
crests of the separate profiles which have then been projected on a 
normal to the strike for comparison. An insert map shows the location 
of the three profiles. These profiles are particularly interesting in that 
they demonstrate the constancy of this anomaly over a considerable 
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Fic. 5. A Comparison of Three Magnetic Profiles over an Anomalous Mass. 
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area, and a great similarity in the form of the curves obtained on the 
three profiles. 

In Fig. 6 is given an example of a depth analysis of an anomaly. 
Similar depth calculations were made on a number of other anomalies 
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Fic. 6. Example of a Depth Analysis of a Magnetic Anomaly. 


of this same general type for the purpose of constructing an approxi- 
mate profile of the crystalline basement complex. 

At various localities within the area, very intense anomalies were 
observed which continued only for distances of several hundred 
meters. In many cases, anomalies of this type were found in relation 
with boulders of diabase indicating the outcrops of relatively narrow 
dikes. Several examples of these types of anomalies are given in 
Fig. 7. 
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LOCAL ANOMALIES DUE TO IGNEOUS ROCKS 
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Fic. 7. Examples of anomalies over Diabase Dikes and Sills. 
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MAGNETIC SUSCEPTIBILITY OF GONDWANIC AND 
PRE-GONDWANIC ROCKS 


During the time we were engaged in this survey, we did not have 
any suitable apparatus for the determination of the magnetic sus- 
ceptibility of the rocks over which we were working. Construction of 
such an instrument was begun during the survey but unfortunately 
was not completed until some months later. During 1934 and 1935, a 
number of susceptibility determinations have been made on rocks of 
the Gondwana System in Sao Paulo and on the Archean rocks of 
Parana. Considering the similarity of these formations in all the states 
of South Brazil, we may take these values as at least approximately 
applicable for the purpose of the Santa Catharina survey. The values 
determined are given in Table IV. 


TABLE IV 
MAGNETIC SUSCEPTIBILITY OF GONDWANIC AND PRE-GONDWANIC Rocks 
* 

Formations Source Locality CG 1078 
Botucatté Sandstones Surface S. Paulo 125 10 
Estrada Nova Surface S. Paulo 75 6 
Iraty  . Cores S. Paulo 5 
Tubarao Cores S. Paulo 175 7 
Itararé Cores S. Paulo 175 7 
Diabase (decomposed) | Surface S. Paulo 1,200 6 
Diabase (firm) Cores (Perm.) S. Paulo 4,100 10 
Diabase (in Archean) | Surface Parand 5.500 4 
Gneiss (Archean) Surface Parana 2,500 3 


* Although specified in absolute units, these values should be considered as rela- 
tive. Their relative accuracy is approximately 50X10~-* C.G.S. Absolute values might 
differ by as much as 25%, applicable to all above value. 


On the basis of the above figures, it is evident that the Gondwana 
Sediments, Itararé to Botucatt inclusive, are practically inert from 
the magnetic standpoint. Important magnetic anomalies must then 
be interpreted as due to igneous intrusions or the relief of the crystal- 
line basement or a combination of these two causes. 


DEPTH CALCULATIONS FROM MAGNETIC DATA 


Our depth calculations were made on the basis of several of the 
formulas given by Dr. Heiland in his discussion of a paper by Dr. A. S. 
Eve (4). The strike of the anomalous mass was presumed to be es- 
sentially parallel to that determined for the regional anomaly of Fig. 3, 
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SCHEMATIC SECTION 
SHOWING PRESUMED RELIEF OF CRYSTALLINE COMPLEX 
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Fic. 8. Structural Section deduced from the Magnetic Profile of Fig. 3. 
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for the secondary anomalies of Figs. 4 and 5 and other data not pre- 
sented in this paper. The stations occupied were projected into a line 
normal to the strike and the smooth curve representing the regional 
anomaly was subtracted from the total observed anomaly to obtain 
the secondary anomaly in which we were most interested. 

The reliability of depths calculated from magnetic data may be 
questioned. However, Heiland (5) and Stearn (6) have published 
examples of such calculations which at least gave very reasonable re- 
sults. In later surveys which are described in another report soon to 
be published (7) we had the opportunity of comparing the results of 
such calculations with data obtained from drilled tests. These results 
are summarized in the following Table V. 


TABLE V 
DEPTH DETERMINATIONS FROM MAGNETIC ANOMALIES 


Depth to Calculated Depths 


Observations 


Well and No. 


Santo Antonio 90 | 470 Meters | 360 | 400 | 420 See Note (a) 


Araquaé 51 | 346 . 300 | 300 | 385 | — | See Note (b) 
Kerosene 28 | PP? 875 | 900 | 980 | — | T.D. drilled 500 Meters 
1 | 1000? 6“ 800 | 750 | 790 | — | See Note (c) 

20 


S. Pedro (Balloni)}| 467 “ 330 | 375 | 350 | 4 


(a) S. Ant. go well located on southern extremity of a closed anomaly. Calculated 
depth refers to section through center of anomaly. 

(b) The anomaly at this well is somewhat irregular and indicated the presence of 
dikes projecting from the lacolith and nearly reaching the surface. 

(c) Information on the log of this well is unofficial. 


The above calculations refer to anomalies due to intrusive laco- 
liths whose thicknesses presumably average something more than 150 
meters. It is quite probable that the upper and lower surfaces are 
polarized and the relative proximity of the lower pole would naturally 
introduce errors due to departure from our theoretical assumptions. 

However, the above calculated depths are of the right order of 
magnitude and show a tendency to be too small rather than exces- 
sive. We may presume that this observed fact for lacoliths at moder- 
ate depths would still be valid for deeply buried masses of magnetic 
rocks, regardless of whether they represented batholiths, necks, or 
crystalline ridges. 

In applying this analytic procedure to the anomalies observed in 
Santa Catharina, there are several sources of possible error that must 
be considered. Although we have definitely determined the strike of 
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the anomaly in several instances, in other cases we have merely pre- 
sumed the anomalies to be parallel to the general direction deter- 
mined. An error in the strike would result in a proportional error in 
depth. Some of our anomalies have been observed along a single pro- 
file and this profile might not represent the maximum anomaly. Both 
of these factors would tend to give us excessive depths but it does not 
seem probable that they would be sufficient to more than compensate 
for the too shallow depths obtained for the anomalies given in Table V. 


OTHER GEOPHYSICAL DATA TAKEN INTO CONSIDERATION 


Since the completion of the Santa Catharina survey, magnetic 
observations have been made in the states of SAo Paulo and Parana 
and the results obtained throw additional light on the magnetic char- 
acteristics of all South Brazil. 

The Sao Paulo area was in the Gondwanic Sediments of Permian 
and Triassic age and the logs of the 20 or more wells which had been 
drilled provided us with considerable geologic information, particu- 
larly with reference to the diabase intrusions which infested the area. 
The Parana area was tied in to the base station in Santa Catharina 
and crossed the eastern part of the state in an approximately north- 
south direction. Approximately 300 kms. of magnetic profiles were 
observed in this state. Some Itararé sediments were crossed but the 
greater part of the area consisted of crystalline and metamorphic 
rocks making up the basement complex. Two masses of Syenite of al- 
most batholithic proportions were crossed, and numerous dikes of 
basic igneous rocks. 

The vertical intensity in the SAo Paulo area was approximately 

_ 6,800 gammas, i.e. 2,400 gammas less than in Santa Catharina. The 
intensity in the central part of the Paranda area was approximately 500 
gammas less than in Santa Catharina. 

Diabase lacoliths of thickness in excess of 100 meters as proved 
by the drill, and at depths ranging from 350 to 1,000 meters, gave 
maximum anomalies in the vertical intensity of the order of 200 
gammas. Dikes and sills which reached the surface gave anomalies of 
the order of 500 or more gammas. The general trend of the curves in 
Sao Paulo showed a decrease in intensity to the south and west which 
is in agreement with the presumable dip of the crystalline basement. 
There is no magnetic evidence of the existence of any deep seated 
batholith which might have supplied the magma for the lacoliths. 

In Paranda, working directly over the crystalline complex, or 
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where this was covered by presumably thin sediments of recent origin, 
or sporadic occurrences of metamorphic schists, variations in vertical 
intensity of 100 gammas or more were observed at station intervals 
of several hundred meters. Anomalies as great as 1,200 gammas were 
observed over near surface diabase dikes and extensive anomalies of 
several hundreds of gammas were observed at stations above the 
Syenite intrusives. 

Geologically, the sediments found in the Sao Paulo area are practi- 
cally identical with those of the Santa Catharina area. The various 
rocks over which observations were made in Parana may be con- 
sidered as typical representatives of the crystalline complex which 
must underlie the Gondwana Sediments in Santa Catharina. It is 
practically identical with the formations found along the eastern 
part of the profile shown in Fig. 3. Utilizing all the data available, 
we may now interpret the magnetic anomalies given in Fig. 3 which is 
representative of the area. 


INTERPRETATION OF MAGNETIC DATA IN SANTA CATHARINA 


On the basis of the general form of the magnetic profile, we may 
divide it into two parts, the eastern part beginning at a point 40 kms. 
east of Mafra. The eastern part represents an area of irregular varia- 
tions in magnetic intensity while the western part, although still 
having a jagged appearance in the scale to which it is drawn, is much 
more regular. 

Geologically, the eastern part represents the variation in mag- 
netic intensity due to the near surface or superficial gneisses and gran- 
ites which make up the crystalline complex and igneous intrusions of 
various forms, sizes and composition. It is essentially the same as 
profiles observed over similar rocks in the neighboring state of 
Parana. 

The western part of the curve represents a large regional anomaly 
whose center is approximately in the city of Mafra. Superimposed on 
this regional anomaly, we find a number of secondary anomalies of 
two types. The first type has a lateral extension of from 4 to ro kilo- 
meters and are fairly regular. The second type are more restricted 
in lateral extension but greater in magnitude and less regular. 

Secondary anomalies of the first type are shown in Figs. 4, 5 and 
6 while examples of anomalies of the second type are given in Fig. 7. 

Anomalies of the type shown in Fig. 7 have been correlated with 
diabase dikes and sills, superficial proof of whose existence is found in 
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the presence of diabase boulders, “‘terra roxa”’ due to decomposition 
of diabase, small water falls in the rivers etc. The accentuated form 
-of the anomalies is alone sufficient geophysical evidence of the nature 
and form of the anomalous mass. The presence of these dikes and sills 
is of secondary importance and since their anomalies are characteris- 
tic, we may eliminate them from further consideration. However, it 
must be remembered that they are quite common to the region and 
it is quite probable that they exist in greater profusion than is indi- 
cated by our data. Being restricted in lateral extension, it is merely 
accidental that any given station falls within their zone of influence. 
It is quite likely that many more such dikes would be found if our 
stations were spaced at intervals of 50 or 100 meters instead of 1,000 
meters. 

On purely geophysical hypothesis, we may postulate three pos- 
sible causes for the first type of secondary anomaly: 

1. Structures, in which highly magnetic beds have been folded 
and faulted. 

2. Intrusions of Igneous Rocks of high magnetic susceptibility. 

3. Relief in the Crystalline and Metamorphic Basement Complex. 
Each of these possible interpretations must be examined in the light 
of the geological and geophysical data at hand. 

Structures: According to our geologic data, the Itararé Glacial 
sediments, basal member of the Permian formations, rests noncon- 
formably on the crystalline basement except in certain localities where 
the erosional remains of old metamorphic schists still cover the 
crystalline rocks. The Itararé rests on Devonian rocks in a restricted 
area in the state of Paranda but no Devonian formations are known to 
occur in Santa Catharina. There is no geologic evidence of orogenic 
movements having affected the Gondwana Rocks in South Brazil and, 
in any case, the low magnetic susceptibility of these sediments make 
it out of the question for us to attempt to interpret our anomalies as 
due to structural deformations in these rocks. If we wish to interpret 
our anomalies as due to tectonic structures, then such structures must 
perforce indicate the presence of magnetic sedimentary beds of Pre- 
Itararé age, or orogenic movements in the underlying crystalline 
rocks. 

Igneous Intrusions: Oliveira describes an invasion of igneous rocks 
of Ordovician age; basic intrusions of Triassic age are common to all 
South Brazil. These rocks are highly magnetic and many of our 
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anomalies have been definitely correlated with their presence. The 
character of the anomalies observed over the lacoliths in Sao Paulo 
and over dikes and sills in the states of Sao Paulo, Paranda and Santa 
Catharina are quite different from the characteristics of the anomalies 
under consideration. Furthermore, although we are searching for an 
interpretation of the first type of secondary anomaly, the regional 
anomaly must also be kept in mind. 

We might interpret our regional anomaly as due to a great batho- 
lith and the secondary anomalies as due to large lacoliths or bosses 
which have originated from the same magnetic source. Small batho- 
liths or bosses of Syenite have been observed in Parana and give very 
definite magnetic anomalies. Yet there does not seem to be sufficient 
evidence to accept intrusives as the most logical interpretation of 
these anomalies, although they undoubtedly must be given second 
choice. | 

Relief of Crystalline Basement: Data obtained in Parané shows 
the relatively high magnetic susceptibility of the gneisses and igneous 
rocks which make up the Crystalline Complex of South Brazil. Al- 
though variable from point to point, the integrating effect of depth 
would tend to smooth out these irregularities and the Complex is 
quite capable of producing very appreciable anomalies at those points 
where it might approach somewhat nearer to the surface. All factors 
considered, we may consider the relief of the crystalline basement as 
the most logical interpretation of both the regional and secondary 
anomalies which have been observed in this region. 

On the basis of our depth calculations for various of the secondary 
anomalies, we have constructed a section along the magnetic profile 
of Fig. 3. The approximate positions of the Gondwana beds have 
been determined by locating their surface contacts and connecting 
them with the mean depths given for the well logs presented in Table 
III. The base of the Itararé has been drawn from its eastern contact, 
parallel with the top of the same formation. The thickness so ob- 
tained for the Itararé is only slightly greater than the average maxi- 
mum thickness given by Oppenheim. No account has been taken of 
the faults which Oppenheim describes as common to the area. It is 
immaterial for our purposes, whether the formations have a gradual 
dip to the west, or go down by steps. 

Geologically, this section represents a buried mountain range 
which has branched off from the Serra do Mar and strikes somewhat 
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more westerly than the mother range. The buried range consists of a 
number of approximately parallel ridges or series of peaks which give 
rise to the secondary anomalies while the regional anomaly is due to 
the backbone of the range itself. It may have been formed by ac- 
centuated folding or by faulting with or without folding. 


EVIDENCE SUPPORTING THE ‘‘BURIED MOUNTAIN” INTERPRETATION 


To anyone familiar with the Serra do Mar or Coast Range of 
Eastern Brazil, the logic of this interpretation is apparent. This 
ancient mountain range begins in the extreme northeastern part of 
the country and approximately follows the coast until it disappears 
in the southern state of Rio Grande do Sul. It is not a continuous 
mountain but rather a series of almost distinct crystalline ridges. 
The eastern scarp is presumed to be a fault, at least in the southern 
states. Parallel or slightly diverging ranges accompany it along the 
entire distance, with the exception of the northern part of Santa 
Catharina. The Serra da Mantiqueira, in the state of Minas, is sepa- 
rated from the Serra do Mar by the Parahyba Valley which is pre- 
sumed by many to be due to a great fault, upthrow to the west. The 
Serra de Paranapiacaba, in Southern Sao Paulo and Northern Parana 
diverges from the Serra do Mar in a southwesternly direction. 

A recent North-South profile in the state of Parana, from Curityba 
to Mafra in Santa Catharina, on passing into the Itararé Series from 
the Crystalline Complex, shows a slight decrease in intensity for a 
distance of approximately 25 kilometers where the normal variation 
with latitude should have resulted in an increase of more than 100 
gammas in this distance. From this point to Mafra, we begin to enter 
into the zone of the region anomaly and the average variation with 
latitude is slightly more than twice the normai. The most logical ex- 
planation of this observed phenomena is that the sinking of the 
Crystalline Complex under the Itararé Sediments resulted in a de- 
crease in vertical intensity which was almost compensated by the 
normal increase with southernly latitude. When the Crystalline Com- 
plex began to rise once more the increase in intensity due to its nearer 
proximity to the surface was added to the normal variation with 
latitude thus giving it an abnormally high value. This supplementary 
data not only confirms the original data but shows that the uplift in 
the basement rocks begins south of Lapa, in Parand, projecting west- 
wardly from the Serra do Mar. 
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ECONOMIC VALUE OF THE RESULTS OBTAINED 


The purpose of this survey was to determine whether structures 
favorable for the accumulation of petroleum might exist in this re- 
gion. It is therefore essential that we analyze the results with this 
point in mind. 

Buried crystalline ridges could result in favorable structures if 
they had been subjected to orogenic movements after having been 
covered with sediments. Favorable structures might also result from 
the differential settling of the sediments over the crystalline nucleo 
under the influence of their own weight without the necessity of tec- 
tonic movements. Old shore lines, on the flanks of buried ridges, when 
covered by later sediments might also result in favorable structures for 
accumulation. Posterior faulting might change the position of sedi- 
ments such as to make them lie in positions either more or less favor- 
able for accumulation. 

If one should wish to consider the igneous intrusions as the better 
interpretation of the observed data, favorable structures might still 
exist in relation with the observed anomalies. Igneous intrusions in 
the form of batholiths or lacoliths frequently cause doming in the 
overlying sedimentary formations. Intrusives, denuded by erosional 
processes and later covered with sediments might also result in struc- 
tures of the same general characteristics as those over crystalline 
ridges. 

From the structural standpoint, we may admit that there is a 
reasonable chance that the observed anomalies represent structural 
conditions which might be favorable to petroleum accumulation, pro- 
vided adequate source beds exist and other necessary conditions are 
fulfilled. 

Oppenheim has studied the Gondwana Sediments and concluded 
that they offer little pssibilities for the production of petroleum in 
commercial quantities. However, our depth calculations indicate that 
the masses giving rise to the observed anomalies are found at depths. 
considerably greater than the maximum thickness that we can pre- 
sume for the Gondwana rocks on purely geological data. It would 
be pure hypothesis to speculate on the characteristics of any such sedi- 
ments as might exist below the Itararé, and which might have been 
deposited during a period of ingression of the sea and later covered 
by the glacial formations. 

The question has been raised as to whether the numerous faults 


| 


46 MARK_C. MALAMPHY 


and igneous intrusions known to exist in the Gondwana rocks might 
not offer a means for easy migration of petroleum to the upper forma- 
tions, provided that adequate source beds existed at greater depth. 
The absence of active oil seeps in all Southern Brazil has been con- 
sidered by some as evidence against the existence of Pre-Itararé 
source beds. Although the lack of active oil seeps must necessarily be 
considered as an unfavorable factor, the author does not consider it 
as conclusive evidence against the possible existence of Pre-Itararé 
source beds. It is an open question as to whether petroleum could mi- 
grate across 500 or more meters of compact glacial sediments, even 
though numerous faults and igneous intrusions are known to exist. 


CONCLUSIONS 


On the basis of the data presented we must admit the possible 
existence of structures which could be considered as favorable for 
the accumulation of petroleum, other factors being favorable also. 
Our data shows certain evidence of the possible existence of Pre- 
Permian strata of unknown characteristics which might or might not 
include possible source beds. The area cannot be considered as dis- 
tinctly favorable for the production of petroleum but neither can it 
be eliminated as unworthy of more detailed study. 

In our opinion, more detailed magnetic observations should be 
made and later more precise depth determinations carried out with 
the aid of the reflection seismograph. Provided the data obtained as a 
result of these detailed surveys indicated our calculated depths to be 
substantially correct, and confirmed the possible existence of older 
sediments, one or more tests should be drilled to determine the char- 
acteristics of the unknown formations. 
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THE DIP NEEDLE AS A MAGNETOMETER 
C. O. SWANSON! 


INTRODUCTION 


The dip needle is an instrument that has an established field of 
usefulness in working out the geologic structure of poorly exposed 
areas containing magnetic formations. However, its usefulness is 
decreased by the fact that the readings measure no one component 
of the earth’s magnetic field, but reflect the combined effects of 
changes in both the inclination and the intensity. Thus the dip needle 
is not a magnetometer as ordinarily used. But, by taking two sets of 
readings, one may calculate from them the horizontal and vertical 
components of the magnetic field, and the dip needle becomes a 
horizontal and vertical magnetometer. This paper is an account of 
investigations conducted with the object of testing the practical use- 
fulness of the dip needle as a magnetometer along the lines suggested 
above. 

Financial support for this research was provided by the Geological 
Society of America. 

The paper is divided into the following parts: 

Part I. Basic mechanical principles. 

Part II. Corrections to observed readings. 

Part III. Theoretical probable errors in calculated components. 

Part IV. Field data on errors in calculated components. 

Part V. Suggested field and office methods. 

Part VI. Examples of the benefits obtained. 


PART I. FUNDAMENTAL PRINCIPLES 


The dip needle, (see Fig. 1), is an instrument containing a mag- 
netic needle which is free to revolve in a vertical plane about an axis 
at its center of gravity, o. When readings are taken, the instrument 
is so oriented that this vertical plane is parallel to the magnetic 
meridian. 

Attached to the needle is a counterweight, M. There are two 
types of construction with regard to the placing of the counterweight. 
In the ordinary dip needle, the counterweight is on the needle, and 
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in the Hotchkiss superdip’ it is on a separate arm, which is also sup- 
ported by the pivot at its center of gravity (neglecting the counter- 
weight). 

In passing it may be noted that these two types of construction 
also differ in other ways. The pivot of the ordinary dip needle is 


U 


M 
SA 


‘ 


Fic. 1 


supporied by a cup jewel at each end, whereas the pivot of the super 
dip rolls on horizontal quartz wedges. Also, the graduated circle of the 
ordinary dip needle is marked so that the needle points to o° when 
horizontal, whereas in the superdip the needle points to go° when 
horizontal. For simplicity, in this paper all readings are recorded as 
though taken with an ordinary dip needle; for example, a reading of 


? N. H. Stearn; Practical Geomagnetic Exploration with the Hotchkiss Superdip 
Geophysical Prospecting 1932; A.I.M.E. Transactions, pp. 169-199. 
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30° means that the axis of the needle is inclined 30° to the horizontal. 

Now, although the counterweight is on the needle in the ordinary 
instrument, there are usually slight imperfections in balance, so that, 
mechanically, the ordinary instrument can be considered as having a 
perfectly balanced needle and a counterweight on a separate arm, 
MOL which is also perfectly balanced, and which makes an angle, 
MOS, with the axis of the needle. Fig. 1 therefore shows the general 
case for any dip needle. In the ordinary dip needle, however, the 
angle MOS is apt to be small (around 3°), whereas in the superdip it 
is usually set at 10° to 13° for conditions in northern Michigan. 

In discussing the mechanics of the dip needle, the following nota- 
tion is used: 

B is the angle MOS. It is positive for the relations shown in 
Fig. 1. 

a is the reading. It is the inclination of the axis of the needle, and 
is positive if the north end of the needle is down. 

v is the inclination of the magnetic field. 

u is the complement of v. It is positive if v is less than go°, and 
negative if v is greater than go°. In the examples discussed in this 
paper, v is generally 70° to 85° and wis 5° to 20°. 

m is the magnetic moment of the needle. 

R is the total intensity of the magnetic field. This is divided into 
the vertical component, z, and the horizontal component in the 
magnetic meridian, H, which is divided into, x, the east-west com- 
ponent and, y, the north-south component. 

d is the declination. 

w is the weight of the counterweight. 

s is the distance from the center of gravity of the counterweigut 
to the axis of rotation. 

Now, for any reading, a, the magnetic moment tending to rotate the 
needle is, Rm cos (a+), and the gravitative moment is, ws cos(a+B). 
If the needle is at rest, these two are equal. For a given setting of the 
instrument, m, w and s are constant or nearly so, and therefore: 

K cos (a+ B)=R cos where K is the instrumental con- 
stant. 

If we take two instruments, | with known values of B, and read 
them at some point where the to al intensity, R, and the complement 
of the inclination, u, are we may calculate the values of K’ 


and K’’, the constants for the twg instruments. 
Suppose both instruments are then read at a random point, where 
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the intensity and inclination are unknown. If the readings are a’ and 
a’’, we may write: 

K' cos (a’+ B’) =R cos (a’+u) 

K" cos (a’’+B"’)=R cos (a’’+u), where all the factors are 
known, except R and u, which may then be calculated from the two 
readings. 

These relations form the basis for calculating the components of 
the earth’s field from two sets of dip needle readings. In the following 
sections the question of the accuracy of the method is discussed in 
detail, first, in part II, by considering certain necessary corrections, 
and, later, in parts III and IV, by an analysis of the net probable 
error from all causes. 


PART II. CORRECTIONS TO OBSERVED READINGS 


CORRECTIONS FOR INSTRUMENTAL IMPERFECTIONS 


In the equations, the reading, a, is the inclination of the magnetic 
axis. It is measured by noting the position of the point of the needle 
on the graduated circle. With a perfect instrument, this would give 
the value of a. However, as the instruments are rarely perfect, it is 
usually necessary to make certain corrections. 

One correction is for the angle between the magnetic axis and the 
geometric axis of the needle. It is here called the correction for mag- 
netic axis. This angle may be determined by removing the counter- 
weight and then reading the instrument first with the needle in its 
normal position and second with the needle turned over. The correc- 
tion is one-half the difference in the observed readings. This method 
assumes that the mass of the needle is perfectly centered on the pivot. 
If the needle is not so balanced, (which condition may be indicated by 
a large difference in the observed readings, and is often present in 
the ordinary dip needle), the test must be made with the needle 
swinging in a horizontal plane, as with an ordinary compass. 

The second correction is for any lack of coincidence between the 
center point of the graduated circle and the axis of the pivot about 
which the needle revolves. This is here called the correction for 
eccentricity. It may be determined by noting the readings at both 
ends of the needle, which should differ by 180°. If they do not, and the 
line joining the points of the needle passes through the axis of the 
pivot, then the pivot cannot be situated at the center of the gradu- 
ated circle. In such cases, one may adjust the instrument, which is 
fairly easily done with the ordinary dip needle, or one may calculate 
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the correction to be applied to any reading, which is the best plan 


with a superdip. 
For the superdip used by the writer the correction for magnetic 


axis is +0.4° and the correction for eccentricity is given in the follow- 
ing table. 


- TABLE I 
CORRECTION FOR ECCENTRICITY 
SUPERDIP A 
Reading Correction 

—30° ° 
—20° ° 
—10° +0.1° 
° +0.1° 
+10° +o0.1° 
+20° +o.2° 
+30° +o. 2° 
+40° +0.2° 
+50° +o.2° 
+60° +o0.3° 
+70° +o0.3° 
+80° +0.3° 
+90° +0.2° 


The accuracy of these two corrections may be checked by reading 
the dip needle without a counterweight at a point where the inclina- 
tion of the earth’s field has been accurately determined. Thus, at Pil- 
grim Station, where the inclination of the earth’s field is known to be 
76°-51’, the writer obtained a reading of +76° with the superdip. The 
corrections to be applied, according to the data given above, are 
+o0.4 for magnetic axis and +0.3 for eccentricity, which makes the 
corrected reading 76.7°. This checks the known inclination within the 
limit of error in observing the reading, which is about 0.2° when the 
counterweight is removed. 


CORRECTION FOR ROLL 


Because of friction, dip needles are read while the needle is swing- 
ing. When a superdip is used, this method of reading makes it neces- 
sary to correct for the lateral movement of the pivot as it rolls on the 
quartz wedges. The nature of this correction is illustrated by Fig. 2, 
the effects being greatly exaggerated by the drawing, however. Sup- 
pose the needle is released from position A and actually swings 
through 180°. Its point at the end of the swing will then be at B, yield- 
ing a reading somewhat less than go°. For the instrument used by the 
writer, the reading would be 89.5°, so a correction of +-0.5° should be 
made. The following table gives corrections for various other readings 
and points of release. 
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With the ordinary dip needle, there is, of course, no correction for 


roll. 
TABLE II 
CoRRECTION FOR ROLL 
SuPERDIP A 


First Swing Clockwise 


Released from 

Reading 

— —30 ° 30 
— go ° 
— 60 ° 
— 30 —o.I ° ° 

° ° ° ° ° 

+ 30 +0.2 +o.1 +0.1 ° ° 
+ 60 +0.4 +0.3 +0.2 +o.1 +o.1 
+ 90 +0.5 +0.4 +0.3 +0.3 +0.2 
+120 +0.5 +0.4 +0.4 +0.3 +0.2 
+150 +0.3 +0.3 +0.3 +o.2 +0.2 
+180 ° ° ° ° ° 


TEMPERATURE CORRECTION 


A change of temperature causes a variation in the reading, largely 
because of the expansion or contraction produced in the assembly. 
With the ordinary dip needle, the variation is small and is usually 
neglected, but with the superdip it is necessary to make a correction 
for it. 

Theoretically, the correction is a function of the temperature 
change and the sensitivity of the instrument. The latter depends on 
the reading and the sigma, (£), which may be defined by the equation, 
E=(u—B). Therefore, in making the correction, one should consider 
three factors; the temperature change, the reading, and the sigma. 

To illustrate the relative effects of these three factors, let us sup- 
pose that the inclination in an area ranges from 743° to 75°, so that 
u ranges from 15° to 153°. 

In the first case, ‘assume that a superdip with B=12° is used, so 
that the sigma ranges from 3° to 33°. Also, assume that the variation 
in total intensity is such as to cause the readings to range from — 35° 
to +5°. Now, experiments show that the reading drops approximately 
1.0° for a rise of 10°F. in temperature, provided the reading is about 
—15° and the sigma is 3°. Experiments also show that the correction 
is approximately proportional to the change in temperature. For other 
readings and sigmas, the corrections for a 10°F. change in tempera- 
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ture can be calculated if we assume that the effect of temperature. 
changes is simply that of changing the magnetic moment of the needle 
and the gravitative moment of the counterweight assembly. The fol- 
lowing table shows the corrections in this case. 


Reading E, 3%° 
—35° or +5° 0.9° 0.8° 
—15° 1.0° 0.9° 


In the second case, assume that a superdip with B= 14° is used, 
so that the sigma ranges from 1° to 13°. The same variation in the 


-90 


+90 
Fic. 2 


total intensity would cause in this case a range in readings from 
—55° to +25°. The calculated corrections now become: 


Reading E, E, 14° 
2.0° 
—I5 30° 2.0° 


In the first case, the reading and sigma can be neglected in making 
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the correction without introducing a probable error of more than 
o0.1°, but, in the second case, doing this would introduce an appreci- 
able error. In practice, it is customary to base the correction on 
temperature alone, which is permissible provided the variation in 
readings and the proportional variation in the sigmas is not large, as in 
the first case. The writer adopts the practice of adjusting the instru- 
ment so that the significant readings in an area do not vary by more 
than 30°, and believes that this procedure automatically keeps the 
proportional change in sigma within safe limits. In passing, it may be 
noted that the results are materially improved by taking all possible 
care in preventing any rapid or large temperature changes in the in- 
strument. 
CORRECTION FOR SWING 

If a reading is taken with the needle swinging through an arc of 
about 40°, and another is taken at the same locality with the needle 
swinging through an arc of about 100°, (or any arc other than 40°), 
the two readings will not check as a general rule. To show the nature 
of this variation, some data are given below. 

These tables show that the readings vary with the amount of- 
swing, and other factors. From a study of over fifty such sets of data, 
the following generalizations can be made. 

The difference in reading is a function of the length of the swing, 
unless the swing is very long or very short. That is, as the arc in- 
creases, the reading becomes progressively larger or smaller. 

The difference in reading is also a function of the reading. Positive 
readings usually become more strongly positive as the arc of swing 
decreases, and negative readings of —20° to —60° or so become 
more strongly negative as the arc of swing decreases. Readings, when 
the needle is about perpendicular to the lines of force show little 
variation one way or the other, whereas, those at about 45° to this 
position are apt to show the greatest variation. 

The difference in reading is also a function of the sigma, becoming 
greater as the sigma decreases. 

These relations suggest that the difference in readings is caused by 
a variation in the pole strength of the needle, the pole strength be- 
coming larger as the needle approaches a position parallel to the lines 
of force with its north end down, and, conversely, becoming weaker 
as the needle approaches a position parallel to the lines of force with 
its north end up. This hypothesis can be checked quantitatively as 
follows: 
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Assume a 1% variation in pole strength, that is, in the magnetic 
moment of the needle. Then, instead of considering m to be constant, 
we may suppose that it is a function of the angle which the needle 


TABLE III 
STATION PC 
u, 13° B, 10° 
End points of swings 
Released from Reading 
Ist 2nd 3rd 
—50 +123.5 — 36.0 +112.5 +41.0 
—30 +107.0 —19.5 + 99.0 +41.8 
° + 81.5 + 6.0 + 77.0 +42.6 
STATION PB 
u, 13° B, 10° zE,3? 
End points of swings 
Released from Reading 
Ist 2nd gra 
—I1I0 + 54.5 —96.0 + 41.0 24.1 
— 90 + 35.0 —79.0 + 25.0 — 24.5 
— 7o + 14.5 —61.0 + 7.5 —25.0 
STATION 23 
u, 19° B, 5° E, 14° 
End points of swings 
Released from Reading 
rst 2nd gra 
— 90 +129.0 —70.0 +112.0 +25.3 
— 60 +105.0 — 48.9 + 93.0 +25.5 
— 30 + 77-5 — 23.0 T 72.4 +25.8 


makes with the lines of force, this angle being (a+). Thus we may 
write: 

m=m' [1+.01 sin (a+u)], where m’ is the magnetic moment 
when the needle is perpendicular to the lines of force, that is, when 
(a+) =o. In this equation the sign of the quantity, [.or sin (a+z) ], 
is the same as the sign of (a+). 

The general equation for the dip needle then becomes: 


K cos (a+B)=R cos (a+u)[1+.01 sin (a+) |. 


: 
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Now suppose an instrument with B=10° gives a reading of +30° 
in a field where u is 15°, the reading being that given by the needle 
at rest. Then: 


K cos 40°= R(cos 45°)(1+.01 sin 45°), whence 
R=1.0758 K. 


Next, let the needle be moved to a reading of + 40°. Then there 
will be a net counter-clockwise moment tending to swing the needle 
back toward the +30° position. The amount of this moment is the 
difference between: 

K cos 50°, 
and, R[1+.01 (sin 55°) | (cos 55°) 
which difference is .o2z109 K, substituting R=1.0758 K. 

Similarly the restoring moments for various positions of the needle 
can be calculated. Those for a range of 30° on either side of the rest 
point are: 


TABLE IV 
Position of needle Restoring moment 
°° .05700 K clockwise 
+10° .03940 K 
+20° .02022 K 
+30° ° 
+40° .02109 K counter clockwise 
+50° .04125 K bs 
+60° .o6091 K 


These values are plotted in Fig. 3, by the line MOP. The dotted 
line QO has the same intercepts as the line OP, except that they are 
reversed. Now suppose the needle is released from +60. Then the 
area PRO represents the energy accumulated by the needle on its 
swing back to the rest point at O. As its swings past the rest point to 
the o° position at L, energy is lost equal to the area MLO, neglecting 
friction. Therefore, when it arrives at the o° position, the needle will 
still have left energy equal to the area QOM, which will enable it to 
swing past the o° position, to the point T, the area MSTL being equal 
to the area QOM. The point T corresponds to a reading of —o0.8°. 
Thus, neglecting friction, the needle will swing from +60° to —0.8° 
and back to + 60°, etc. 

The reading is then 29.6°, as the calculation is ordinarily made. 
That is, for the conditions given, one should apply a correction of 
+0.4° to the reading obtained when the needle is swinging through 
an arc of 60°. 
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In this way the writer has calculated the corrections for various 
lengths of swing and rest points, assuming a field of inclination 77°, a 
pole strength variation of +1%, and an instrument having B= 1o, so 
that the sigma is 3°. The corrections for a given length of swing vary 
with the angle which the needle at rest makes with the lines of force, 


Fic. 3 


that is, they vary with (a+w). For a given value of (a+) the cor- 
rections vary with the length of swing. The following tables show the 
relations found. The first gives the factor for the length of swing, and 
the second gives the corrections for certain values of (a+) when the 
swing is 160°. 

These factors also vary somewhat with the value of (a+) and the 
sigma, but this variation is small. For example, in the calculations 
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small and the sigma is small. 
TABLE V 
Length of Swing Factor 
40° .08 
60° 18 
80° .30 
100° 45 
120° .62 
140° 81 
160° 1.00 
180° 1.20 
200° 1.40 


TABLE VI 

CORRECTION FOR 160° SWING AND E=3° 
(a+n) Correction 
+ 5° +0.8° 
+10° +1.6° 
+15° +2.3° 
+20° +2.9° 
+25° +3.4° 
+30° 
+35" +3.9° 
+40° +3.9° 
+45° 
+50° +3.3° 
+55° +2.8° 
+60° +2.3° 


TABLE VIa 

atu Numerical difference 
5° 0.0° 
10° 0.1° 
0.1° 
20° 
25° o.2° 
30° 0.2° 
40° 
45° 
50° 0.4° 
55, 0.4" 
C.4 
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made while preparing this table, the factor for a swing of 120° varies 
from .60 to .64, being in general larger where the value of (a+) is 


When the value of (a+) is negative, the correction is also nega- 
tive, and is numerically somewhat less than the correction for an 
equal but positive value of (a+). This numerical difference is about 


constant, regardless of the sigma, whereas the corrections in Table VI 
vary inversely as the sigma. The following table gives the numerical 
differences for a swing of 160°. 
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To use these tables in determining the correction for a pole 
strength variation of 1%; (1) obtain from Table VI the correction for 
a swing of 160° and a sigma of 3°; (2) multiply this by the factor for 
the sigma; (3) subtract the numerical difference found in Table VIa 
if the value of (a+) is negative; and, (4) multiply the factor for the 
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swing obtained from Table V. To illustrate, let us determine the cor- 
rection for the conditions assumed in preparing Fig. 3. In this case: 


(1) @ +30° 
(2) 
G) (atu) +45", 
ist step (4) Correction, Table VI + 3.7 
(5) Sigma 5° 
(6) Factor for sigma 3/5 
and step (7) (4)X(6) + 2.2° 
(8) Numerical diff., Table VIa none 
3rd step (9) (7)-(8) + 2.2° 
(10) Length of swing : 61° 
(11) Factor, Table V a 
4th step (12) Correction, (9) (11) + 0.4° 


We may now check the calculations against the observed data. 
It will be remembered that the pole strength variation of 1% used in 
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the calculations is merely an assumption: any given instrument may 
have more or less pole strength variation. For the instrument used by 
the writer, introducing a factor of 0.7 brings the observed and cal- 
culated differences to the same scale. The calculations may be checked 
against the data in Table III as follows. 


Station PC —_ Station PB Station 23 


(1) True reading, a, about +43° —25° +26° 
(2) u ry 13° 19° 
(3) (a+u) +56° +45° 
(4) Correction from Table VI +2.7° —1.9° +3.7° 
(5) Sigma 3° x 14° 
(6) Factor for sigma 3/3 3/3 3/14 
(7) (4)X(6) + 3.7 an + 0.8° 
(8) Numerical difference, Table VIa none 0.1° none 
(9) (7)—(8) (numerically) + 2.7° — 1.8° + 0.8° 
(10) Instrument factor 0.7 0.7 0.7 
(11) (9)X(z0) + 0.6° 
(12) Mean Swing, 1st reading 154° 144° 190° 
(13) Factor for swing, Table V 1.30 
(14) Correction, (11) X (13) + 1.8° — 1.0° + 0.8° 
(15) 1st reading +41.0° —24.1° +25.3 
(16) Corrected 1st reading +42.8° —25.1° +26.1° 
(17) Mean swing, 2nd reading 122° 109° 147° 
(18) Factor for swing, Table V .88 
(19) Correction, (11) X (18) + 1.2° — 0.6° + 0.5° 
(20) 2nd reading +41.8° —24.5° +25.5° 
(21) Corrected 2nd reading +43.0° —25.1° +26.0° 
(22) Mean swing, 3rd reading 73° 72° 97° 
(23) Factor for swing, Table V 26 +25 -43 
(24) Correction, (11) X (23) + 0.5° — 0.3 + 0.3° 
(25) 3rd reading +42.6° —25.0° +25.8° 
(26) Corrected 3rd reading +43.1° —25.3° +26.1° 


These results show that the observed differences in readings check 
the calculated differences as closely as could be expected, considering 
the error possible in taking the readings. This error, under the rather 
ideal conditions that exist when taking several readings with the 
same set-up and at about the same time, is probably +0.1°. 

Figs. 4, 5, and 6 show further comparisons between the observed 
and calculated differences in readings. In these cases, the needle was 
released from a point nearly opposite the rest point, to give as large a 
swing as possible, and the end points of all swings were recorded until 
the needle almost came to rest. The crosses show the observed read- 
ings, calculated from the first swing down, the first swing up, and the 
second swing down; from the second swing down, the second swing 
up, and the third swing down; etc. In observing all these swings it is 


“ 
i 


62 C. O. SWANSON 


20 40 60 80 (00 (20 {40 160 /80 200 220 240 
Length of Swing 
Station TS D 
u=/3F° =/0° z=3° 
Swing down 


Fic. 5 
+56° 
+55" 
Ph 
154° 


0° 20 40 60 80 00 #0 160 
Length of Swing 


Slation &SD 
=/0° z= 3° 
Swing up 
FIG. 6 


, 
: 
: 
‘ 
= 
x 
| 
4 
i . 


THE DIP NEEDLE AS A MAGNETOMETER 63 


not possible to read the end points as accurately as when only three 
swings are recorded, and the error in readings is probably +.2°. The 
curves show the calculated variation in readings, using Tables V, VI 
and VIa. 

Keeping in mind the possible error in the observed readings, one 
can say that the calculated differences in readings are about the same 
as the observed differences shown in Figs. 4, 5, and 6, provided the 
length of swing is not very short (say below 30°) or not very long (say 
above 160°). 

For very short swings, the observed readings may become erratic 
(compare Figs. 4 and 5). This is doubtless due to varying and rela- 
tively large starting frictions, due maybe to particles of dust on the 
pivot, etc. As it is useless to attempt to calculate the effects of such 
friction, the only thing to do is to avoid taking readings with short 
swings. 

For very long swings, the observed readings tend to diverge from 
the calculated trend. This is also due to friction, but in this case the 
friction is mostly that caused by air resistance, which makes its gen- 
eral effects amenable to calculation, as follows. 

Assume that a superdip with B=10° gives a +44° reading when 
the needle is at rest in a field of inclination 77°. Then one may calcu- 
late the restoring moments for various positions of the needle, by the 
method used in preparing Table IV. The results are shown in Table 
VII, where all figures are in terms of .oooo1 K, and the restoring 
moments are clockwise for readings below + 40° and counter clock- 
wise for readings above + 40°. 

This table also gives the potential energy for various positions of 
the needle. The restoring energy is the product of the average restor- 
ing moment and the angular displacement. To illustrate: 


At +40°, restoring moment ° 

At +50°, restoring moment 1466 

Average moment, +40 to +50° 733 

Angular displacement, 10° 

Restoring energy at +50° 7,330 
At +50°, restoring moment 1466 

At +60°, restoring moment 2925 

Average moment, +50° to +60° 2195 

Angular displacement, 10° 

Restoring energy between + 50° and +60° 21,950 


Total potential energy at +60° 29,280 
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TABLE VII 

Position Restoring Restoring Position Restoring 

of Needle Moment Energy of Needle Moment 

+ 40° ° ° + 40° ° ° 
+o 1466 75330 + 1420 7,100 
+ 60° 2925 29,280 + 20° 2748 27,940 
+ 4323 65,520 + 10° 3951 61,430 
+ 80° 5601 115,140 °° 4998 106,180 
+ go° 6704 176,660 — 10° 5869 160,510 
+100° 7582 248,090 — 20° 6563 222,670 
+110° 8196 326,980 — 30° 7068 290,830 
+120° 8514 410,530 — 40° 7382 363,080 
+130° 8531 495,760 ~ 7514 437,560 
+140° 8239 579,610 — 60° 7462 512,440 
+150° 7661 659,110 — 70° 7231 485,900 
+160° 6819 731,510 — 80° 6823 656,170 
+170° 5762 794,410 — 6241 721,490 
+180° 4531 845,880 — 100° 5491 780,150 
+190° 3192 884,490 510° 4579 830,500 
+200° 1782 909,360 i 3515 870,970 


cessive swings observed at Station 7. 


| TABLE VIII 
Down Swings Up Swings 
79-5, 
144.5 — 55.0 
+127.5° —42.5° 
+ 97.5° —12.5° 
79-5° 5-0° 
74-5 9-5 
+ 70.5° +13.5° 
+ 67.0° +16.5° 


The following Table gives a series of readings of end points of suc- 


The lag between successive readings is a measure of the friction. 


making an average of 237°. 


Energy at +170° 794,410 
Proportional correction for 0.5° 2,880 

Energy at +170.5° | 

Energy at +140° 579,610 
Proportional correction for 4.5° 36,500 


Energy at +144.5° 
Energy lost by friction 


The needle first moved from +170.5° to —79.5° and back to +144.5°, 
the length of the first swing being 250° and that of the second, 224°, 


The energy lost in these two swings is the potential energy at a 
reading of +170.5° minus that at +144.5°. This calculates as follows: 


797299 


616,110 
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This energy is lost by two swings of average length 237°, so that 
loss by one swing of 237° is 90,590. Similarly the energy lost by the 
successive swings can be calculated, and plotted against the length of 
the swings, as is done in Fig. 7. This figure also shows the lag between 
successive end points of the down swings. Thus the lag in degrees 
between the first and second down swings is 26°, which is plotted 
against the average swing of 237°. 

Now, suppose the needle is released from some point and that the 
end of the first down swing is + 160°. At this point the restoring energy 
is 731,510. First let us ignore friction. Then the needle will swing back 
to some point between —go° and — 100° where the restoring energy is 
also 731,510. 


To calculate this point: 
Restoring energy 731,510 at +160° 
Restoring energy 721,490 at —go0° 


Difference 10,020 
which requires an additional swing of about 13°. 
Restoring moment at —go° 6241 
Proportionally restoring moment at —gr1.5° 6139 
Average restoring moment between —go° and —g1.5° 6190 


10,020 


Therefore, the additional swing required is, =1.62°, and the 


6190 

needle would swing to —g1.62°. Without friction, the needle would 
swing down again to +160°, and thus the reading would be +34.19°. 
The length of the swing is about 252°. 

Next, let us consider friction. The swing without friction is about 
252°, which corresponds to a lag of about 30° for two such swings 
(see Fig. 7). For one swing the lag is therefore 15°, making the net 
swing 237°. This in turn gives a lag for one swing of 13°, so by a process 
of trial and error we estimate the first swing up will be about 239°. 
Therefore, in approximate figures, the needle will move from +160° 
to — 709° on its first swing up, and will return to (160°— 26°) = 134° on 
its next swing, which is therefore (134°+ 79°) = 213°. 

On its first swing up through 239° the needle has a frictional loss 
of 93,000, according to Fig. 7. The net up-swing energy is therefore 
that which is started with at + 160°, (731,510), less the frictional loss, 
(93,000) which leaves 638,510. This may be calculated to carry it toa 
reading of — 77.44°, where the restoring down-swing energy is 638,510, 
by interpolation in Table VII. 
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On its next swing down, of 213°, the needle loses energy equal to 
79,000 according to Fig. 7. Its net energy is therefore 559,510, which 
will carry it down toa reading of +137.56°. 

The reading ‘s therefore, the mean of, 

° ° 
137-56 + 160.0 


2 


and, —77.44° 
which is +35.67°. The mean swing is about 226°. 

These and the results of similar calculations are plotted on figure 8. 
The figure also shows readings taken at Station 7 with long swings. 
The observed differences check those calculated fairly well. 

The effects of friction do not become large until the swing exceeds 
about 160°. For a swing of 140°, the theoretical error is +0.13; for 
160°, +0.20°; for 180°, +0.28°; for 200°, +0.42°; and for 220°, 
+0.67°. 

The effects also vary with the direction of the first swing. By taking 
the two of two readings, with the first swings in opposite directions, 
and the average swing the same in either case, the effects of friction 
can be practically eliminated. In practice, then, this is the thing to do 
in those cases where readings must be taken with long swings. Of 
course, the simplest method, and the one to be followed whenever 
possible, is that of avoiding the use of very long swings when taking 
the readings. 

In summary of this section, the writer believes the differences in 
readings with various lengths of swing are largely due to a variation 
in the pole strength of the needle, provided the swing is between, say 
30° and 160°, and provided the instrument is in good condition. The 
observed reading can be corrected for length of swing by the use of 
Tables V, VI, and VIa, and by introducing a constant factor for the 
instrument and a factor for the sigma. This correction is probably 
accurate within o0.1°. 


CORRECTION FOR VARIATIONS IN THE MAGNETIC FIELD 


The earth’s magnetic field at a given point is subject to certain 
periodic and irregular time variations, which are often loosely called 
the daily variations. As little seems to be known about these varia- 
tions, it is fortunate that they are generally small. According to the 
writer’s experience, the variation in readings at one station during the 
day is rarely over 1.0° when using a superdip which has a sigma of 3° 
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and is adjusted so that the value of (a+) ranges from 0 to + 20°. 
In terms of magnetic components, this means that the diurnal varia- 
tion in the total intensity is nearly always less than 0.1%. The varia- 
tions from day to day are also usually small. Using a superdip with 
the adjustment mentioned above, the writer found in one survey 
that, over a period of two months, the readings at one station, (all 
taken between 7 A.M. and 8 A.M.), covered a range of only 13°. In this 
case, the readings gradually increased for the first six weeks, and then 
began to decrease. 

The usual practice in making the correction for daily variations 
uses data obtained by checking back several times during the day at 
previous stations, and by taking readings at the start and end of each 
day’s work at some convenient point. This method assumes that the 
daily variation is the same for all parts of the area being surveyed, and 
also that a given variation in the magnetic field will produce the same 
variation in readings at all points in the area. The second assumption 
is certainly not theoretically correct, because the sensitivity of the 
instrument changes from place to place as the reading or the inclina- 
tion changes. However, as in the case of the temperature correction, 
the error introduced is negligible, provided the readings are kept with- 
in a range of, say 30°. Regarding the first assumption, the writer can 
only say that his experience supports the belief that it is a valid one 
for practical purposes, although he must admit that this opinion is 
based on any rather scanty evidence. Because the daily variation is 
usually small, it is probable that the usual practice in correcting for 
it does not introduce an average error of more than 0.1° when using a 
superdip with a sigma of 3°. 


PART III. THEORETICAL PROBABLE ERRORS IN 
CALCULATED COMPONENTS 


The probable error in the calculated components of the earth’s 
field depends upon the probable error in obtaining the true readings 
and the true values of B for each instrument. It also depends on the 
mean sigma of the instruments, and the mean readings. 

Of these factors, the true value of B is of importance because, if 
a false figure is assumed, the value of the sigma is thereby changed, 
and a false sensitivity for the instrument is used. Where the sigma is 
small, say 2°, an error of 3° in determining B would make the sigma 
used in the calculations only 13° or maybe 23°. In general, this would 
make the calculated difference in R for two stations either about ? 
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of what it should be, or 5/4 of what it should be. The best way to ob- 
tain B accurately, and the only way when an ordinary dip needle is 
used, is to calculate it from readings taken at two or more base stations 
where the magnetic components are known. Or, where only one com- 
ponent such as z is known from readings with a vertical magneto- 
meter, one may calculate B, or simply reduce all the calculated com- 
ponents to the same scale as that shown by the magnetometer. 

In dealing with the other factors, it is necessary to consider the 
superdip and the ordinary dip needle separately. 


WITH A SUPERDIP 


Obtaining the true relative readings at a series of stations is sub- 
ject to certain errors in observing the reading and correcting it for 
magnetic axis, roll, eccentricity, temperature, swing, and variations 
in the magnetic field. The writer estimates the probable error in read- 
ing to be 3°, when using a superdip with a sigma of 3°. 

In a field where the total intensity is about 60,000 gammas, if one 
instrument has its needle within 20° of the position normal to the 
earth’s field, and has a mean sigma of 3°, a probable error of $° in the 
reading corresponds to a probable error of 30 gammas in the total 
intensity. If the other instrument has its needle within 20° of a posi- 
tion at 45° to the earth’s field, a probable error of $° corresponds to a 
probable error of 3 minutes in the inclination of the field, the intensity 
being constant. 

The probable error in the calculated vertical component, 2, is 
approximately the same as that in the total intensity, provided the 
inclination is steep, so that u is small, say 10° to 15°. In other words, 
z= R cos u, and cos u will be little changed by a difference of 3 minutes 
in the value of w. Thus z varies as R for practical purposes. 

The probable error in the calculated horizontal component, H, 
depends on both R and u, since H=R sin u, and the value of sin u 
is considerably changed by a difference of 3 minutes in the value of u. 
If R is constant and is equal to 60,000 gammas, an average value for 
this region, a difference of 3 minutes in u corresponds to a difference 
of 50 gammas in the value of H. The probable error in H is then due to 
probable errors in R and u, of which that due to an error in u is domi- 
nant. As a rough estimate, the probable error in H is placed at 60 
gammas. 

In this connection it may be noted that, provided the declination, 
d, is small, reading it to within }° is sufficiently accurate when H and 
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z are determined by the method suggested in this paper. An error of 
¢° in d corresponds to an error of about 60 gammas in the calculated 
east-west component, x, and does not introduce any appreciable ad- 
ditional error in the north-south component, y, provided d is small 
and the value of H is about 15,000 gammas. 


WITH AN ORDINARY DIP NEEDLE 


The sigma of the ordinary dip needle is about 15° in this region, 
where the inclination is about 75°. Accordingly, the instrument is 4 
as sensitive as a superdip with a sigma of 3° if the readings are about 
the same. Also the ordinary dip needle cannot be read as accurately 
as a superdip, and corrections for temperature, swing, and hour to 
hour variations in the magnetic field are not usually made when using 
this instrument. The writer estimates the probable error in obtaining | 
the true reading to be 1°. Therefore, compared with the superdip, the 
reading is obtained half as accurately and the instrument is 3 as sensi- 
tive, which makes the probable errors 10 times as large. Thus the 
probable error in z is 300 gammas and in H, 600 gammas. 


BEST SETTINGS FOR INSTRUMENTS 


A dip needle is most sensitive to changes of intensity when the 
needle is perpendicular to the lines of force, and it is most sensitive 
to changes of inclination when the needle is at about 45° to the lines 
of force. Accordingly, it would seem best to set the counterweight of 
the two instruments so that the readings approximate the values 
suggested above. With a superdip an additional control on sensitivity 
is available, as the angle B and therefore the mean sigma may be 
changed. The lower the sigma is, however, the greater the range in 
readings will be, which means that the needle will depart more from a 
desirable position normal or at 45° to the lines of force. Also, the lower 
the sigma is, the greater becomes the error in correcting for swing, 
temperature and magnetic variations. The calculations of the best 
settings considering all these factors is an interesting problem, which, 
however, the writer has not as yet had time to work on. 


PART IV. FIELD DATA ON ERRORS IN 
CALCULATED COMPONENTS 
Several sets of readings were taken at stations where the vertical 
components of the earth’s field had been previously measured with a 
magnetometer by the Physics Department of the Michigan College 
of Mining and Technology. A superdip was used, and its instrumental 
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constant, K, was determined for the various settings employed by 
taking readings at Pilgrim Station, where the horizontal and vertical 
components of the earth’s field had been determined by the Coast and 
Geodetic Survey. In this work, B varied between 8° and 10°, and the 
sigma between 3° and s°. 

Fig. 8 shows the vertical components, calculated from the vari- 
ous sets of superdip readings. Also the readings taken with the mag- 
netometer are shown. These readings are, of course, directly propor- 
tional to the vertical components. Assuming that there is no error in 
the magnetometer readings, a maximum error of + 70 gammas is in- 
dicated for the calculated vertical components and an average error 
of +40 gammas. Considering only the calculated values, the varia- 
tions found at stations where two or more values were determined 
indicate a maximum error of +50 gammas an average error of +30 
gammas. The probable error indicated by this field test is about the 
same as that suggested by theoretical considerations. 

The writer had no opportunity to check the calculated horizontal 
components against accurate measurements. According, the only in- 
dication of the errors is that based on analysis of the differences in 
calculated values. Such an analysis shows a maximum error in the 
horizontal components up to +120 gammas, and an average error of 
+6o gammas. The calculated inclinations suggest a maximum error 
of +8 minutes, and an average error of +4 minutes. Again, these 
figures approximately check the theoretical estimates. . 

Incidentally, it may be remarked that the writer believes he could 
reduce these errors if the work were to be repeated. At the time the 
observations were taken, he had no idea of how to make the correc- 
tion for swing, but, realizing there was some correction to be made, 
was attacking the problem by a statistical method, which led to cer- 
tain inaccuracies. Also, a variety of adjustments of the superdip were 
used, some of which were known to be not the most desirable ones, 
but were included to check certain ideas concerning the dip needle. 
As all the results are plotted in Fig. 8, this figure does not give a 
true picture of the errors to be expected when using the best practice. 
Finally, the writer used only one superdip. With this method the 
probable error in the daily correction is much larger than it would be 
when using the logical method of employing two instruments and 
reading both at about the same time at each station. Fortunately, 
however, other factors were favorable, such as excellent field condi- 
tions. On the whole, the writer believes that the errors shown by this 
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test need not be exceeded under the conditions of an ordinary field 
survey. 
PART V. SUGGESTED FIELD AND OFFICE METHODS 

This part of the paper gives a method of collecting the required 
data and making the necessary calculations. It also presents some 
general estimates of the amount of extra work required, using as a 
basis of comparison the ordinary field practice when taking only one 
set of dip needle readings. The viewpoint is that of one who is using 
the dip needle in conjunction with geological mapping in northern 
Michigan. 

In the field, the ordinary routine need be modified only to the ex- 
tent of taking an extra set of readings. An estimate of the additional 
work made necessary by this requirement follows. ‘ 

Using the ordinary dip needle, a field party spends an average of 
40 seconds in taking and recording one reading. Under ordinary con- 
ditions, a party will run about 43 miles of traverse in 8 hours, taking 
40 readings a mile. Thus, about 2 hours are used to take and record 
one set of readings, and the remaining 6 hours are spent in walking 
along the line, looking for and recording observations on the geology 
of the area, etc. Taking an additional set of readings would therefore 
require an additional 2 hours, or an increase of 25% in the working 
time, under ordinary conditions in northern Michigan.* 

Using the superdip, a reading can be taken in three minutes, 
which includes setting up the tripod, orienting the instrument, and 
observing the reading. To take two readings with the same set-up 
would require about an extra minute. Under ordinary conditions a 
party can do 23 miles of traverse in an 8 hour day, taking 4o readings 
in a mile. Of the 8 hours, then, 5 hours are spent taking one set of 
readings, and 3 hours are used in looking for outcrops, etc. If two sets 
of readings were taken, the additional time required would be about 
13 hours, or an increase of approximately 20% in the working time. 

These estimates indicate that under average conditions in northern 
Michigan, taking two sets of readings would increase the time re- 
quired in the field by about 20% to 25%. 

In the office, the ordinary routine must be modified to the extent 
of recording and correcting an additional set of readings, calculating 
the horizontal and vertical components from each pair of readings, 


3 In practice, it would probably be advisable to employ two dip needle men, rather 
than have one man read two instruments. However, the increase in working time would 
be about the same under either plan. 
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and, in some cases, making certain calculations from these com- 
ponents. At first glance, this appears to entail a large amount of extra 
work, Actually, however, the writer estimates that the time required 
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to survey an area is increased only about 10% by the additional 
office work, provided the survey covers an area of moderate size, say, 
one requiring three months. The extra office work is largely that of 
calculating the horizontal and vertical components, and this may be 
done in a comparatively short time by first preparing a chart or table 
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from which one can read directly the components corresponding to 
any pair of readings, as shown below. 

To illustrate the method of making the chart or table, an example 
is given using figures obtained while working in the Globe area. (The 
interpretation of the results obtained in this area is given in Part VI, 
Example III). 

At Pilgrim Station, the horizontal component, H, and the inclina- 
tion, v, are known. From these the total intensity, R, the vertical 
component, z, and the complement of the inclination, u, can be calcu- 
lated. These values are: 

H, 14,000 gammas 

%, 59,910 

R, 61,530 
v, 76°51’ 
u, 13°09’ 

If no station were available where the components are known, one 
could pick a place where the field is about normal for the region, and 
assume a normal inclination and intensity for the region. This method 
would not introduce any great error in the relative values of the com- 
ponents finally calculated. 

Two superdips are used, which have B= 10°. As noted in Part I, 
it is best to calculate the values of B by reading the instruments at 
two stations where the components of the earth’s field are known. If 
this is not possible, B must be measured, with a correction for mag- 
netic axis. 

At station P, superdip I reads +6.7° and superdip II reads — 43.4°. 
Both readings have been previously corrected for temperature, the 
corrected reading being that at 80°F. As these are the first readings 
taken, the time of observing them is noted, and all succeeding read- 
ings are corrected for hour to hour and day to day variations in the 
magnetic field referred to this time as a datum. In other words, the 
so-called daily variation at the time of taking the first readings is 
called O. 

These two readings are now corrected for other factors, using the 
data given in Part I, and the following Table [X, which gives the mean 
length of swing for various points of release and readings. This table 
is constructed from data similar to that presented in Table VIII. In 
the table (a—Z) is the angle between the point of release and the 
reading. The mean swing is less than twice the value of (a—L) because 
of lag due to friction, which becomes larger as the swing increases. 
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TABLE Ix 
(a—L) Mean Swing 
20° 35° 
30° 53° 
40° 70° 
50° 87° 
60° 104° 
70° 
80° 138° 
° 15 
100° 169° 
TABLE X 
DatTA AT PILGRIM BASE STATION 
Superdip I Superdip II 
Reading corrected to 80° F + 6.7° —43-4° 
Needle released from —go° —go° 
Mean Swing 81° 
Correction for eccentricity +o0.1° —o.1° 
Correction for roll + 0.2° 0.0° 
Correction for magnetic axis + 0.4° + 0.4° 
Correction for swing + 2.1° — 0.7° 
Corrected reading + 9.5° —43.8° 


The value of K for each instrument may be determined from the 
equation: 


K cos (a+B)=R cos (a+u)[1+.007 sin (a+u) ]. 


The factor, .007, is used instead of .o1, because, as shown in Part 
II, the instruments apparently have a maximum pole strength vari- 
ation of 0.7%. 


For superdip I, 


Log R=log 61530 =4.7891 
Log (1+.007 sin 22°39’) = .0012 
Log cos (a+) =log cos 22°39’ =1.9651 
Sum = 4.7554 

Log cos (a+B) =log cos 19°30’ =1.0744 


Log K’ =4.7810 


Now let superdip I be always read when the needle is released from — 
— 60°. Suppose the reading corrected for temperature and daily vari- 
ation is 0° in a field of inclination 77°30’, so that w= 12°30’. Then we 
may calculate H and ¢ at this point as follows: 
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Reading ° 
Needle released from — 60° 
Mean swing 104° 
Correction for eccentricity +o.1° 
Correction for roll +0. 2° 
Correction for magnetic axis +o0.4° 
Correction for swing +0.8° 
Corrected reading, +1.5° 


Using the equation: 
K’ cos (a+ B)=R cos (a+u) [1+.007 sin (a+u)], 


Log K’ = 4.7810 
Log cos (a+ B) = log cos 11°30’ = I.9912 
Sum = 4.7722 
Log (1+.007 sin 14°) = .0007 
Difference = 4.7715 
Log cos (a+) =log cos 14° = 1.9869 


Log R = 4.7846 
Using the equation: H=R sin u, 


Log R = 4.7846 
Log sin 12°30’ = 1.3353 
Log H = 4.1199 
H =13,160 gammas 
Using the equation z=R cos u, 
Log R . = 4.7846 
Log cos 12°30’ = 1.9896 
Log z = 4.7742 
z =59,460 gammas. 


Similarly we may calculate the values of H and z when the reading, 
corrected for temperature and daily variation is 5° and ro” in a field 
of inclination 77°30’; when it is 0°, 5°, and 10° in a field of inclination 
77°; etc. 

Also, supposing superdip II is always released from —go°, we may 
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calculate the values of H and Z corresponding to readings at — 40°, 
—45°, and —50° in fields of inclination 77°30’ and 77°, etc., all read- 
ings being those corrected for temperature and daily variation. 

The results may be plotted as shown by Fig. 10, where the line 
marked, o° superdip I, gives values of H and z that produce a reading 
of o° on superdip I. The other lines similarly show the combinations 
of H and z that yield certain readings on the superdips. By extending 
the limits of the chart and by drawing other lines between those 
shown, one can read directly the values of H and z that correspond to 
any pair of readings, observed at any station in the area being sur- 
veyed. Note that the observed readings need be corrected only for 
temperature and daily variation as long as superdips I and II are 
always released from —60° and —go° respectively, as the chart auto- 
matically takes care of the corrections for eccentricity, magnetic axis, 
roll, and swing. 

If desired, one could transfer the data shown by the chart to a 
series of tables, which have certain advantages in the way of durability 
and convenience. 


PART VI. EXAMPLES OF THE BENEFITS OBTAINED 


The writer’s experience, which he has recently summarized,‘ sug- 
gests that the benefits resulting from taking two sets of readings fall 
into two general classes: first, the usual type of interpretation is 
simplified; and, second, the field of inferences from the magnetic data 
is extended. 

The usual interpretation of dip needle readings regards the zones 
of “highs” or “lows” as tracing formations of unusually high cr low 
magnetite content. This simple relationship is complicated by other 
factors, however, and, in making inferences directly from the dip 
needle readings, one must attempt to discount the effects of these fac- 
tors. For example, on a traverse crossing a magnetic formation, the 
position of the highest dip needle reading with respect to the location 
of the outcrop of the magnetic formation will vary with the adjust- 
ment of the instrument, and the depth of overburden. Again, an un- 
usually low reading may be due to a very low inclination, to a forma- 
tion that is weakly magnetic in comparison with adjacent rocks, or to 
a negative magnetic effect. Now, if the horizontal and vertical com- 
ponents are calculated, the effects of many of the complicating factors 


‘ Uses of Magnetic Data in Michigan Iron Ranges: A.I.M.E. Vol. 110, Geophysical 
Prospecting. 
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can be quantitatively discounted, and thus the usual type of inter- 
pretation is much simplified. 

The geologic inferences from the magnetic data are also increased 
when one knows the various components of the magnetic field, because 
the position and strength of the magnetic poles can be often deter- 
mined. The following examples make no pretense of even beginning to 
cover the large field of interpretation possible when the components 
of the magnetic field are known. They are given merely as illustrations 
to show a few of the ways in which the field of interpretation is en- 
larged. 
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EXAMPLE I 


The first example gives data for a fairly simple magnetic case. 
Two sets of readings were taken with an ordinary dip needle along a 
north-south traverse across part of the south limb of the Marquette 
syncline. The formations strike about east-west and dip steeply north. 
They are covered by a mantle of drift that is probably 100 to 250 feet 
thick. The series contains two highly magnetic formations, the Negau- 
nee and the Greenwood, in comparison with which the adjacent rocks 
can be considered to be virtually non-magnetic. The surface is nearly 
level, and the declination is constant and small enough to be of no 
practical significance. 

Fig. 11 shows a generalized geological section along the traverse, 
and Fig. 12 gives the dip needle readings obtained and the horizontal 
and vertical components calculated from them. 

Readings taken in normal magnetic areas for this district, show 
that the normal magnetic field has z= 58,400 gammas and H=15,600 
gammas. Taking the values of z and H for Stations 1, 5, 10 and 15 from 
Fig. 11, the local anomalies at these stations may be determined as 
follows: 
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Similarly: 


Anomaly at Station 5 
Anomaly at Station 10 
Anomaly at Station 15 
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H 
65,100 12,900 N. 
58,400 15,600 N. 
6,700 2,700 S. 
10,000 8,000 S. 
18,000 4,600 N. 
6,600 11,100 N. 


These anomalies are plotted on a north-south section in Fig. 13 
as the vectors, ar, a5, a1o, and ars. Now each of these vectors is 
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composed of two components, one due to the Negaunee formation and 
the other due to Greenwood formation. Assuming that each of these 
formations has a line pole, so that the attraction at any station varies 
inversely as the distance from the station to the magnetic pole, we 
may, by successive approximations, determine the position of these - 
poles as follows. 

Assume as a first approximation that a5, aro and ars are entirely 
due to an attraction centered at NV. Fig. 12 yields the following data: 


Anomaly Distance to N 
a d aXd 
Station 5 13,000 1,900 24,700,000 
“10 19,000 1,400 26,600,000 
. 2 13,000 2,500 32,500,000 
Average 28,000,000 


vas Taking the average value of (aXd) for attraction NV, and consider- 
| ing Station 1, which is 3700 feet from N, we obtain the component of 
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the anomaly at Station 1 which is due to attraction N. Calling this 
component, 11; 
28,000,000 
ni =———_———- = 7, 600 gammas. 
3700 

Plotting this value of m1 on Fig. 13, we can graphically solve for 
the other component gr, due to the second center of attraction G, 
because at is the resultant of m1 and gr. 

Assuming G is approximately as deep as JN, we obtain the position 
of G shown on Fig. 13. For attraction G the values of (gXd) shown by 
this figure is: 

Component, g Distance d gXd 
Station 1 6,000 1,700 10, 200,000 


Now we may figure the components at stations 5, 10 and 15 due to 
attraction G, again assuming that G represents a line pole. 


Distance to G | Component 
d gxXd g 
Station 5 3,600 10, 200,000 2,800 
* 10 5,100 10, 200,000 2,000 
° 6,700 . 10, 200,000 1,500 
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Having determined the component, g5 for Station 5, we can con- 
sider the anomaly, a5, as composed of two components gs and m5, and 
thus find component 75 due to the attraction NV. Similarly we may 
calculate components, m1o and m15, which for sake of clearness, are 
shown on the next Fig. 14. The components m5, m1o and mr15 point 
to a new center of attraction N’, which is about 250 feet south and 150 
feet higher than the first approximation, JN. 

The value of »Xd for this attraction N’ is: 
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Component Distance to N’ 


nN d nXd 
Station 5 14,000 1,950 27,300,000 
18,000 1,300 23,400,000 
II, 500 2,200 25,300,000 
Average 25,700,000 


The rather small variation in the value of (7X d) for the three sta- 
tions warrants the assumption that the strength of the component, n, 
varies inversely with the distance of the station from the center of 
attraction. Parenthetically, it may be remarked that similar calcula- 
tions for the intervening stations yield approximately the same result. 

We may now recalculate the component, m1 for Station 1, and then 
obtain a better approximation of g1 and the position of G. The results 
are shown on Fig. 14. G’ is 200’ south of G, and the numerical value 
of gi is about the same as that determined in the first approximation. 

Obviously this process of successive approximations could be con- 
tinued, but it is clear that the positions N’ and G’ are as close to being 
correct as the accuracy of the data permits. 

It is clear that, even in this simple example, taking two sets of dip 
needle readings has many advantages over taking only one set. The 
advantages result mainly from the added quantitative knowledge con- 
cerning the position and strength of the magnetic poles present in-the 
area. The location of the poles permits a fairly accurate estimate of 
the position of the buried outcrop, if the dip is known; or, if the posi- 
tion of the outcrop is known, it permits a determination of the aver- 
age dip to a considerable depth. With only one set of dip needle 
readings, one can make no accurate estimate of the position of the 
buried outcrop, even if the dip is known, because the horizontal dis- 
tance, or offset, between the crest of the readings and the buried out- 
crop depends on several factors, especially the adjustment of the dip 
needle and the depth of overburden. Therefore one is obliged to rely 
on other data, such as the presence of occasional drill holes, or one 
must make a crude estimate based on experience. Similarly, the rela- 
tionship between the dip of a formation and the shape of a profile of 
dip needle readings is a very complicated one, and, in general, it is 
not possible to make a reliable estimate of the dip from one set of 
readings. Again, the location of the poles permits some estimate of 
the extent of the magnetic formation down the dip, using our general 
knowledge concerning the location of the poles in a magnetic body 
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with respect to its boundaries. Thus, in this example, the fact that the 
positive Negaunee pole is a considerable distance, (about 1,000 feet), 
down the dip from the outcrop, suggests that the formation continues 
and maintains its magnetic character for perhaps 10,000 feet down 
the dip, assuming that the body is similar to a bar magnet, which has 
its poles about one-tenth of the length of the bar from either end. In 
geologic terms, the inference is that the Goodrich unconformity, which 
truncates the iron formation about three-quarters of a mile to the 
west along the strike, does not do so within a distance of two miles or 
so down the dip, nor does the iron formation become non-magnetic 
within this distance. Certainly one set of dip needle readings permits 
no such inferences. Finally, the quantitative estimates of the strength 
of the poles which can be made when both components are known give 
information that is far superior to any estimates possible from one 
set of dip needle readings. This added knowledge may prove very 
useful when attempting to correlate various magnetic sections in an 
area containing a monoclinal series complicated by faulting. 

This simple case, with its very strongly magnetic formations, (a 
condition which makes slight errors in measurement of little conse- 
quence), also shows that persistent magnetic formations, dipping 
steeply northward, have a rather deep positive line pole. Apparently 
the negative pole may be ignored. Theoretically, it would seem that 
small but still noticeable effects of the negative pole should be ob- 
served. The writer has no convincing explanation for their apparent 
absence, but can think of several possible explanations. For example, 
maybe, due to more intense and general metamorphism at depth, the 
formations on either side of the Negaunee and Greenwood, which are 
practically non-magnetic at the surface, become appreciably magnetic 
at depth, so that the lower negative pole is an extensive plane pole, 
yielding effects at the surface which are constant over the area under 
consideration. 


EXAMPLE II 


Fig. 15 gives the dip needle readings, calculated magnetic com- 
ponents, and declinations, along a north-south line across the south 
limb of the Marquette syncline three miles east of the line of Example 
I. At this point the drift cover is much thinner. Between Stations 35 
and 42 outcrops are common. Between Stations 21 and 35 the drift 
is probably 10 to 4o feet thick, and between Stations 42 and 63, it is 
probably 1o to 100 feet thick: 
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Fig. 16 shows the anomalies at Stations 23, 26, 29, 35, 38 and 41 
which span the large attraction due to the Negaunee formation. These 
were determined by subtracting the normal components for the dis- 
trict from those found at each station, as in Example I. The average 
value of (@Xd), where a is the anomaly in gammas and d the distance 
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in feet, is 29,400,000, which compares with an average value of 
25,700,000 found for the Negaunee attraction in Example I. 

In this case, the magnetic Negaunee formation nearly outcrops 
between Stations 31 and 33, and the anomalies at Stations 30 to 34 are 
considerably different from those one would expect if they were due 
simply to a line pole at N. In Fig. 17 this fact is shown. The smooth 
curves give the horizontal and vertical components of the earth’s field 
that would be obtained at the stations if they consisted only of the 
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normal field plus the effects of a line pole at V. Such a curve is similar 
to that of the components actually found in Example I, where the 
outcrop was covered by about 200 feet of drift. In Fig. 16, the dotted 
lines show the horizontal and vertical components calculated for the 
stations. In general these approximately follow the smooth curves, 
except between Stations 30 and 34. 

The divergence between the dotted lines and the smooth curves 
between Stations 30 and 34 is typical of the irregular magnetics found 
on outcrop areas of magnetic rocks, and is explained as follows. Within 
a magnetic formation, the magnetite is rarely distributed uniformly. 
Usually it is segregated in certain strata, along certain joints, at the 
crests of minor folds, etc. Thus a magnetic formation consists of a 
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series of irregular bodies, each with its positive and negative poles. 
Readings taken at some distance from the formation reflect only the 
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mass effect of all these bodies, or, in other words, the formation be- 
haves as though it were uniform with only one line pole near each ex- 
tremity. But stations on the outcrop of the formation may be quite 
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close to one of the minor poles, which therefore exerts a considerable 
influence on the reading at this station, whereas its effect on the read- 
ing at the next Station may be negligible. 
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For the Stations near the outcrop of the magnetic part of the 
Negaunee formation, Fig. 18 gives what may be called the outcrop 
anomalies, or the difference between the dotted lines and the smooth 
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curves of Fig. 17. These outcrop anomalies may also be defined as 
the magnetic fields at the stations, minus the normal magnetic field 
and also minus the effects of the line pole at N. Fig. 18 shows the 
typical irregularity of these outcrop anomalies. In a qualitative way, 
they suggest: (1), a fairly shallow positive pole just north of Station 
31 and considerably west of the section, and (2), a deeper positive 
pole just south of Station 33 and fairly close to the section. These re- 
lations in turn indicate a northward dipping formation. As the direc- 
tion of dip is also known from outcrops, this inference does not add to 
our knowledge of the structure. The writer has attempted to resolve 
these outcrop anomalies into components due to various poles, but 
without any satisfactory results. The main difficulty is that one does 
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not know whether to assume line poles, or point poles. The sharpness 
of the magnetic variations certainly indicates the presence of some 
shallow point poles, for which the components at any station vary in- 
versely with the square of the distance to the pole. The moderately 
deep poles, however, appear to act like line poles. By taking a large 
number of closely spaced readings one could probably obtain a satis- 
factory resolution of the outcrop anomalies, but there does not appear 
to be any object in doing this, because any interpretation based on 
such results would have only a local significance, and the local struc- 
tures can be determined more easily and certainly from direct geologic 
observations. 

In Fig. 19 the dotted lines show the observed declinations, the 
calculated vertical components, and the calculated north horizontal 
components between Stations 56 and 61. The smooth curves are gen- 
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eralizations of the dotted lines. Drawing them is one way of discount- 
ing outcrop anomalies. 

Fig. 20 gives the general local anomalies in plan and section. 
They represent the values shown by the smooth curves of Fig. 19, 
minus the normal magnetic field, and minus the effects calculated for 
the line pole, N, of Fig. 16. In other words, they represent the ob- 
served components corrected for outcrop anomalies, normal field, and 
the influence of the adjacent Negaunee attraction. 

The vectors of Fig. 20 suggest the presence of a positive pole under 


Station 58 and a negative pole to the north under Station 60. By 
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the method of successive approximations used in Example 1, the posi- 
tion of these poles may be determined. Fig. 21 shows the final re- 
sults. After two approximations, a positive pole is indicated some- 
what abave the point G. The value of (gXd) for this point is found to 
be about 2,000,000 where g is in gammas and d in feet. Using this value 
the full line vectors for Stations 59.5 to 61 are calculated. The dotted 
line vectors show the remaining components at these stations, and 
these indicate a negative line pole at H, the value of (4X d) being about 
970,000. Using this value, the dotted line vectors for Stations 56 to 
59 are calculated, and the remaining components at these stations 
are shown by the full line vectors, which indicate a positive pole at 
point G. 
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Some structural inferences from the above analysis are shown in 
Fig. 22. 

At the north end of the line, the presence of positive and negative 
poles suggests a syncline with the north limb dipping o— 15° south, so 
that, in a field with a normal inclination of 75°, as is the case here, 
there is a negative pole near the north boundary of the formation. 
However, the position of the poles, which are relatively deep and close 
together, does not permit one to draw a simple syncline of this type. 
Other features also complicate the interpretation. Considering the 
Marquette syncline as a whole, we find the north limb of the Negaunee 
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outcropping 14-13 miles north of Station 60. There the formation is 
non-magnetic and dips steeply southward. The Greenwood formation 
has not been identified on the north limb at this section. Either it dies 
out, or is non-magnetic and not exposed. It is probable that the syn- 
cline near Station 60 is south of the axis of the main Marquette syn- 
cline, and therefore the Greenwood formation should again dip north- 
ward north of Station 60. As there are no magnetics to the north, this 
structure is unlikely, unless the Greenwood becomes non-magnetic or 
dies out very rapidly. Finally, several nearly vertical east-west faults 
are known to the west where the iron formation outcrops near the 
axis of the westward pitching Marquette syncline. Accordingly, the 
most probable structure seems to involve faulting, as shown in figure 
22. The fault south of Station 60 is inferred from magnetic data to the 
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west. Along this fault the apparent movement is upward for the north 
block.’ If the supposed fault north of Station 60 has the same throw, 
the Greenwood would be missing to the north in this section. With a 
westward pitch, it would outcrop west of the section but perhaps not 
until it had lost its magnetic character. 

Near the south end of the section, the pole, N, of Fig. 16, is about 
1900 feet vertically below Station 31. Now the magnetic lower part 
of the Negaunee outcrops between Stations 31 and 33 with a north- 
ward dip of around 60°. Therefore, either a reversal of dip or faulting 
at depth is indicated. Fig. 22 shows two possible interpretations, 
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assuming that faulting is present. In this connection it may be noted 
that the fault shown bounding the Palmer district on the north by 
Plate XVII, Monograph 52, U.S.G.S., strikes about for this locality. 

In this example it is clear that calculating the horizontal and 
vertical components from two sets of dip needle readings makes the 
field of interpretation much larger than is the case when only one set 
of readings is taken. ; 

EXAMPLE III 

Fig. 23 gives readings taken with a superdip having a mean 
sigma of 3° along a traverse across part of the Keweenawan copper- 
bearing series of Michigan. The locality is near the Globe exploration. 
At this point the series consists of basaltic flows with a minor amount 


5 Report on a portion of the Marquette Range, Mich. Geol. Survey, 1930. 
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of interbedded sediments, all dipping about 70° northwest. The lava 
flows are mostly from 20 to 600 feet thick, and range in character 
from melaphyres to ophites. The relatively strong attraction near 
Station 20 is probably due to the heavy ophite which lies just above 
conglomerate #8, and is about 600 feet thick. (Prof. Paper 144, U.S.- 
G.S. Plate 10). 

Fig. 23 also gives the observed declinations and the calculated 
values of the horizontal and vertical components of the magnetic 
field. The normal magnetic field in this case is assumed to be that 
found away from the marked magnetic “lines.” Specifically, it is that 
shown at Stations 1 to 4, and 7 to 15, and, in round figures, it is; 
59,800, H=14,200, and declination = west. 
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Fig. 24 shows the anomalies in plan and section. Near the south- 
east end of the line, the influence of a cased drill hole is shown. Near 
the northwest end, the presence of two magnetic poles is shown. The 
anomalies for Stations 16 to 33 may be divided into two components 
by the method of successive approximations used before. The results 
of doing this are shown in Fig. 25, where the full lines show, the com- 
ponents due to the more northerly pole and the dotted lines show the 
components due to the other pole. 

In this example, the advantages of taking two sets of readings are 
about the same as in Example I, that is, one obtains definite locations 
for the magnetic horizons and quantitative estimates of the strength 
of the various attractions. In addition, certain limits for the depth of 
the overburden are determined. It seems probable that a statistical 
analysis of a number of examples of this type would permit rough es- 
timates of the depth of overburden. In this particular case, the writer 
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does not know the thickness of the overburden, as he could find no 
record of the drill hole shown, nor could he obtain any data from other 
sources. Finally, it may be noted that the presence and location of any 
local interference, such as the cased drill hole, are readily determined 
with the aid of this type of magnetic data. 
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A NEW REFLECTION SYSTEM WITH CONTROLLED 
DIRECTIONAL SENSITIVITY 


F. RIEBER 


The idealized reflection system would be one in which a simple im- 
pulse could be generated at the earth’s surface, and thereafter would 
travel downwards in the earth until it encountered a succession of 
simple strata from each of which a reflection would be returned to the 
surface. In this ideal system, the direct wave from the explosion would 
pass the receiving system before any reflected waves had arrived—and 
hence no disturbance or interference with the reflections would be 
occasioned by the direct wave. 

In practice, however, this ideal condition is never encountered, 
and seldom even approximated. 

When an explosion is set off near the earth’s surface, a large num- 
ber of very complex vibrations are initiated, many of which eventually 
reach the receiving system and impress themselves on the record. 
Prominent among such vibrations, under good working conditions, 
we may find identifiable reflected waves. 

Accordingly, a record in which identifiable reflections were partly 
masked by other vibrations was generally thought to consist of a mix- 
ture of two classes of waves. The first of these were the reflections 
proper, arriving in a plane normal to the reflected strata. The second 
class of waves were thought to consist of complex and persistent sur- 
face motions initiated by the explosion, and reaching the receiving 
system from a wide variety of directions. 

Consequently, an attempt was made to improve such records by 
making the receiving system somewhat directive in its action. This 
has been accomplished by a number of different investigators, by the 
expedient of connecting a number of geophones together, so that their 
combined output is used to operate a single recording element, and is 
accordingly represented by a single trace on the final record. 

Regardless of the exact manner in which the geophones are inter- 
connected—and there are a number of slightly different circuits in 
use—the net result in all of them is fundamentally the same, namely 
to increase the amplitude with which vertically arriving waves are 
recorded, and to decrease the amplitude of some of the waves which 
do not arrive vertically. 
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This result, as is well known, is achieved because the geophones 
are disposed in a horizontal plane at the surface of the earth, and hence 
all of them will receive a vertically arriving wave at the same time 
and their additive output will be a maximum. If a wave arrives at an 
angle with respect to the line occupied by the geophone group, it will 
not reach all of the geophones at the same instant, and hence their 
cumulative impulse will not be transmitted into the electrical system 
n phase. 

Hence, although such geophone grouping imparts a directional 
characteristic to a receiving system, the axis of maximum sensitivity 
is directed vertically downwards. It is true that some change in the 
sharpness of directive action may be made by changing the spacing 
between geophones in the same group, but no change of such spacing 
will alter the vertical position of the maximum response axis. 

It follows that such grouped geophone methods operate best where 
substantially vertical reflections, or substantially horizontal beds ex- 
ist, and are unsuitable for regions of sharper folding. In the latter 
locations, any vertical directiveness imparted to the system will 
actually reduce the recorded amplitudes of the desired reflections and 
often increase the comparative amplitude of some other components 
of complex disturbing motion. This is well recognized by experienced 
users of such methods, who alter their geophone spacing and arrange- 
ment, in regions of noticeable dip, to produce a less sharp vertical 
selectivity. This results in an increase in the available reflected energy 
from non-vertical directions, and also in an increase of the amplitude 
with which disturbing vibrations appear on the record. Hence, there 
is a practical limit to the dips which can be successfully dealt swith by 
the usual group geophone method. 

In considering the problem presented by regions of sharp folding, 
and possibly also with considerable faulting, an additional difficulty 
presents itself. This lies in the fact that we can no longer consider the 
the desired reflections as arriving from one direction only. Except for 
unusually simple geological conditions, a receiving system will be 
acted upon by reflections arriving—often simultaneously—from a 
number of different directions. And it is quite obvious that unless 
reflected wave trains can be separated in some manner, and identified 
on the ultimate record both as to time of arrival and direction of ar- 
rival, a true picture of the geological condition cannot be presented. 

If the usual form of seismograph equipment is employed in such a 
territory, producing the usual type of visual record, the effect of the 
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simultaneous arrival of groups of waves from different directions is 
is always difficult, and more often quite impossible to analyze visually. 
It is true that if grouped geophones are used, a record of a much sim- 
pler appearance is produced. This simplification, however, will have 
been accomplished by excluding from the record all wave components 
not normal to the geophone group. Hence, we will have arrived at 
simplification by leaving out arbitrarily a large number of the facts. 
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The new system here described was developed in recognition of the 
necessity for doing geophysical work in regions that were sharply 
folded and faulted. It embodies a factor not heretofore used, namely, 
controlled directional sensitivity. 

This is accomplished by making the records in two successive 
stages, instead of recording directly the output from the geophones. 

The original record is made on film, as a sound track, very similar 
in nature to those used in talking pictures. These records are usually 
without much visual significance, and are intended solely to make 
possible the second step, that of directional analysis. 
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Both components of direction are recorded on the sound track 
records, so that such a record contains information on all arriving 
wave trains, both as to their time of arrival, and their direction of ar- 
rival in space. 

These sound tracks are then fed through an analyzer, in which, 
by optical and electrical adjustments, the complex group of recorded 
waves is broken down, and a large proportion of the individual waves 
may be identified separately. 
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The controlled directional sensitivity of the system is accomplished 
in this analyzing apparatus, which may be effectively set to recognize 
and reproduce waves arriving from any chosen space direction, and 
to suppress to a large degree waves arriving from other directions. 

The analyzer reproduces the waves arriving from any desired di- 
rection in a visual form, written with a pen on a moving strip of paper 
termed the analyzer strip. The complete analysis of a record taken at 
any position consists in running and rerunning it through the analyzer 
and in directing the maximum sensitivity factor towards a different 
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direction in space for each of these successive runs. For a satisfactory 
average working result, some forty trips through the analyzer are 
needed for each record, except for regions where it is obvious from 
previous records that the analysis can be confined to less than the full 
possible angle of 160° in each component which is the effective limit 
of the present apparatus. 

The successive instrumental steps used in this method are illus- 


trated here as being of possible interest. 
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The illustration above shows the receptor used in this system to- 
gether with its carrying case and local amplifier. 

This receptor utilizes a quartz piezoelectric crystal and is of the 
acceleration responsive type. It permits somewhat more accurate 
recognition of the successive arriving waves in a closely spaced se- 
quence, but, as a consequence, requires rather more amplification 
than is usual for other types of geophones. Consequently, each recep- 
tor channel is provided with two amplifiers, the local amplifier being 
placed at a short distance from the receptor which it serves, and the 
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amplified output is carried by a cable to the recorder track where it is 
given additional amplification before being recorded. 

The bank of amplifiers necessary for a ten trace recording equip- 
ment involving as they do in this system, a relatively large gain per 
amplifier, must be designed with a little more than the usual care in 
shielding and arrangement if they are to be placed compactly in the 
space available in the average recording truck. 

Fig. 2 shows the design finally adopted for such an amplifier, while 
Fig. 3 shows the amplifier unit with its shield in place. ‘Cross talk” 
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in this bank of amplifiers has been reduced to a minimum, which does 
not in any way influence the records. 

Fig. 4 shows the compact bank of amplifiers and controls used 
in a ten trace recording equipment. Each of the amplifier units is 
removable and replaceable in the event of trouble, and spare units are 
carried with the equipment to avoid adjustment and balancing prob- 
lems in the field. The output of each individual channel is metered on a 
volume indicator meter of the type usual in sound recording; while 
the amplification of all channels is controlled simultaneously by a 
cominon control of the balance T-pad type, calibrated in decibels. 
For greater convenience in control, all of the volume indicator meters 
are likewise calibrated in decibels. Separate individual balancing con- 
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trols are provided for each amplifier, for minor individual amplifica- 
tion adjustments. 

A print of a portion of a four trace variable density record of 
typical appearance is shown in Fig. 5. The four traces correspond 
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to the output of four individual receptors, while the traces at the edge 
of the film are the time trace and time break trace, respectively. 
Figure 6 shows a four trace analyzing equipment in use. The four 
trace film is seen passing through the apparatus, and back of it the 
paper analyzer strip is passing under the analyzer pen. 
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Fig. 7 shows the same equipment from another direction and in- 
cludes the operator. 

On the original photographs the waves drawn by the pen are 
clearly visible. 

Analysis of any record, in an effort to derive the recorded compo- 
nents corresponding to a definite direction of arrival in space, may be 
considered, in other terms, as the separation on a record of recorded 
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vibrations of different phase relations. In this respect, a sample illus- 
tration of the performance of the analyzer may prove of interest. 
Fig. 8, on opposite page, shows on the upper portion a typical record, 
such as is made by four individual receptors when acted on by waves 
from a number of different directions. It will be seen that the usual 
technique of identifying and marking corresponding peaks cannot be 
used. This same record, made in the form of sound tracks, was passed 
through the analyzer, which was set to break down the complex wave 
form into the various groups. Wave trains recovered from complex 
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are shown on the lower portion of the illustration. It will be seen that 
no difficulty whatever is experienced in identifying the time of begin- 
ning of each individual train, although, when buried in the complex 
form shown on the upper portion of the illustration identification was 
impossible. 

The output from the analyzer, when identifying a wave train from 
any desired direction, consists of a single trace only. The direction in 
space from which this trace was derived is obtained by referring to the 
settings of the analyzer apparatus in both components. 

Experience with this controlled directional sensitivity method in 
the field has given very satisfactory results. The identification of 
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steep folds, and of faults, has been made under conditions where any 
of the earlier forms of equipment, with fixed directional characteristics 
would have produced records of such complexity as to defy visual 
analysis. 

An interesting aspect of this new method lies in its ability to deal 
with and delineate a consistent series of strata of relatively uniform 
attitude, which return definite and strong reflections, and at the same 
time to identify with certainty the relatively small and sporadic waves 
returned from an entirely different direction by a feature such as a 
fault plane. 
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SUMMARY 


In regions of flat lying beds the usual reflection method, including 
the use of directional reception by group geophones, produces satis- 
factory results, since it is adapted to accentuate on the record waves 
arriving from the relatively flat structure. 

In more steeply folded regions, containing faulting, waves are 
returned to the receiving apparatus from a wide variety of non-ver- 
tical directions. These waves must be separated and identified if a 
correct picture of the structure is to be made. The usual type of seis- 
mograph with visual record is not able to do this. The new system 
here described employs the additional factor of controlled directional 
sensitivity which makes it possible to break down the complex com- 
bination of waves arriving from various directions in space, and to 
separately identify a majority of such waves, thereby permitting a 
more accurate reconstruction of the geological conditions. 
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FUNDAMENTAL PHOTOGRAPHIC PROCESSING OPER- 
ATIONS INFLUENCING PRODUCTION OF 
SEISMOGRAPH RECORDS 


FREDERICK A. TOMPKINS! 


INTRODUCTION 


Before any mention can be made concerning the influence of 
photographic processing on the final seismograph record, it is neces- 
sary to understand something of the nature of the photographic 
material generally used for this work. 

The photographic recording emulsions consist of silver bromide in 
gelatine as differentiated from a silver chloride emulsion commonly 
used for amateur prints. The photographic characteristics of speed, 
contrast, and maximum density are built inherently into the silver 
chloride emulsion during the manufacturing process, and are little 
changed by the method of processing. While the same characteristics 
are fixed in silver bromide emulsions during manufacture, they can be 
altered considerably by the processing manipulations. Because of this 
fact, the probability of securing a uniform seismograph record day 
after day is very low, unless the causes of variations are known and the 
necessary processing adjustments made. 


DEVELOPMENT 


After the sensitive paper has been exposed in the recording oscillo- 
graph, it is necessary to develop the image; that is, to change the la- 
tent, invisible image into a visible image of black metallic silver, which 
is done by immersing the exposed record in a water solution of the 
prepared developer powders for a certain period of time. 

It is general practice in this type of recording work to use de- 
veloper chemicals supplied in package form; each package containing 
enough material, when dissolved in a given quantity of water, to 
make either a stock or working solution. By following such a practice, 
one of the big variables in photographic work, namely, irregularities 
due to inaccurate chemical weighing, is eliminated. 

Also, because of this practice, it is not necessary to know exactly 
the composition of the developer other than to know it generally con- 
tains two developing agents, Elon or its equivalent and Hydroquin- 

1 Paper Manufacturing Division, Eastman Kodak Company. 
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one; sodium sulphite, a preservative; sodium carbonate, the activator; 
and potassium bromide, a fog restrainer. Fog may be defined as den- 
sity or blackening produced by the development of unexposed silver 
bromide. It is necessary to know, however, the part each chemical 
plays in development. 

The developing agents are the actual reducing agents, or the chem- 
icals capable of reducing to metallic silver those grains of silver 
bromide which primarily have been affected by light. The two agents 
behave differently as developers. Elon in place of Hydroquinone will 
not give the same effect. An image developed in Elon comes up very 
quickly and gains density slowly, while the Hydroquinone image 
comes up slowly but gains density steadily. When used together, the 
image appears rapidly and gains density rapidly. The action of Hydro- 
quinone is influenced greatly by temperature. At 40°F. it is practically 
inert. As the temperature is raised above 70°F. the activity increases 
quite rapidly. Elon is not affected to any such degree by temperature. 

Sodium sulphite is customarily added to all solutions of organic 
developing agents for the purpose of preserving the developer and of 
preventing oxidation and consequent staining of the gelatine by the 
solution when in use. As the developer temperature rises, there is an 
acceleration of the atmospheric oxidation of the solution with a con- 
sequent increase of staining tendency and shortening of active life. 

The principal function of the alkali or activator is to change the 
developing agents from an inactive to an active condition. The alkali 
also swells the emulsion gelatine. 

The function of bromide in the developer is its restraining power on 
fog development. To a lesser extent it restrains the development of 
the latent image. 

Having these functions in mind, we can now understand some of 
the variations in developer action. 

Generally, it can be said that the maximum density or image 
blacking, :and the effective image contrast or the difference between 
the highest and lowest densities are influenced by the time of develop- 
ment, by the concentration of the developer, and by the temperature 
of the developer. 

Consider first the time of development. The latent image changes 
to a visible image only as the developer comes in contact with the ex- 
posed silver bromide grains. Since these grains are imbedded in a 
layer of gelatine, it is necessary that this gelatine become swollen to 
allow the penetration of developer and its ultimate contact with the 
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silver bromide. As the developer penetrates farther and farther into 
the gelatine, more and more of these silver grains are developed. 
Therefore, up to the point at which chemical fog begins to show on the 
record, the density and the effective contrast of the image increase 
with development time. For contrast images, such as the typical seis- 
mograph record, it is necessary to allow enough time for all of the 
available exposed silver bromide to react with the developer. 

Secondly, the speed of the developing reaction, which for a given 
development time controls the density and effective contrast of the 
image is, up to a certain point, proportional to the concentration of 
the developer. General seismograph recording practice makes use of 
the prepared developers at the dilution recommended in the instruc- 
tions accompanying the package, but occasionally an operator may 
find it helpful to use a smaller volume of water than recommended to 
dissolve the chemicals, thus effectively increasing the concentration 
of the developer. The concentrated developer should increase density 
and contrast at low temperatures. If the image at best is somewhat 
under-exposed and of doubtful contrast, the more concentrated de- 
veloper at low or normal temperatures should increase the contrast. 
At high temperatures, however, the effective contrast is reduced be- 
cause of the more rapid increase of a fog desnity resulting from the in- 
creased developer energy. Accordingly, if the developer were diluted 
by adding more water than recommended, the energy can be dimin- 
ished to give the operator more time to control development under 
these conditions. 

The last factor, the temperature of the developer, is the most im- 
portant of the three. Like all chemical reactions influenced by heat, 
the development rate speeds up with an increase in temperature, and 
slows down as the temperature falls. Experience has shown that 70°F. 
is the most satisfactory or normal temperature for paper development. 
With many developers, a temperature rise of 15°F. above normal, 
roughly halves the time of development, and a similar drop below nor- 
mal approximately doubles the development time. Also, as the tem- 
perature is increased, fog density grows more rapidly in proportion 
to image density to lower the effective contrast. Developer oxidation, 
with its accompanying shortened developing life, increases rapidly at 
high temperatures. 

Therefore, in view of these facts, the production of uniform records 
is difficult when temperature variations exist from below 60°F. to 
120°F. or higher. As the exposure in each oscillograph is fixed, the only 
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recourse the operator has is to vary the time of development for a 
given developer concentration. It has been suggested that further 
relief can be had by developer dilution in the hottest weather and by 
developer concentration when the temperature falls below normal. 
The most logical solution of this difficulty is to control the tempera- 
ture to somewhere near normal, though it is appreciated that the 
difficulties under which this work is carried on preclude, as yet, such 
procedure, 


FIXATION 


After development has produced the correct result, the image 
must be ‘‘fixed’’; that is, it must be prevented from fading, staining, 
or entirely blackening when exposed to daylight. “‘Fixing”’ is accomp- 
lished by immersing the developed record in a solution of sodium 
thiosulphate or “hypo”, which chemical unites with the unexposed 
and undeveloped silver bromide to form a silver thiosulphate com- 
plex which is soluble in water. 

General practice again makes use of the prepared package acid 
fixing powders which, like the developer, come ready to be dissolved 
in water. Occasionally, a fixing bath is made by the operators from 
bulk chemicals. In either case the same reactions and precautions 
apply. The fixing bath commonly used in this work contains, in addi- 
tion to the sodium thiosulphate and other preserving chemicals, an 
amount of acid, the function of which is to immediately stop image 
development by neutralizing the developer alkali. At the same in- 
stant the process of “‘fixation”’ or silver bromide dissolution begins. 
Hence, it will be seen that there are two distinct operations taking 
place in the fixing bath. If the developer were not neutralized, devel-. 
opment would proceed until the hypo had dissolved all of the remain- 
ing silver bromide. Accordingly, if the hypo were prevented from 
reaching certain areas of the image by overlapping folds due to lack 
of record agitation in the fixing bath, the developer entrained in the 
gelatine and paper would continue to work, ultimately producing a 
degraded image and almost certain stain. 

It is therefore very important that the fixing bath be acid to se- 
cure the best results. However, the acid content of the bath is rapidly 
diminished if there is no rinsing of the record between the developing 
and fixing baths. The acid content of the fixing bath will be used up 
more rapidly than the ability to dissolve silver bromide, and as a 
result it is felt that a lot of the stained and discolored records normally 
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attributed to incomplete or slow fixation are due to this lack of de- 
veloper alkali neutralization. Immersing the record for a very short 
interval in an acetic acid rinse bath between the developing and fixing 
solutions stops development immediately (thus holding the image 
as the operator desires), eliminates to a great degree the staining ten- 
dency, and greatly prolongs the acid life of the fixing bath. 

To prepare the acid rinse bath, add 13 ounces of 28% acetic acid 
to 32 ounces of water. A gallon of such a solution should be ample for 
the average day’s seismograph recording. 

It is believed that operators will agree that the first record proc- 
essed in a fresh fixing bath, without the use of the acid rinse, need be 
immersed for only a brief interval before it can be safely observed in 
white light. As more and more records are processed, this interval be- 
comes considerably longer. It is suggested that the use of the acetic 
acid stop bath will considerably reduce the tendency for this interval 
to increase. 

If any fixing baths are prepared from the bulk chemicals, the use 
of one of the standard published formulae is recommended as these 
baths are compounded to give the most efficient acid and fixing life. 
Used in combination with an acid rinse bath, no harmful results 
should occur, such as are possible when the fixing baths are made by 
rule of thumb. 

Complete fixation in a fresh standard package hypo bath is ac- 
complished with agitation in at least two minutes at normal tempera- 
tures. As the bath is used during the day’s work, this time is more than 
doubled. If, therefore, a record is fixed at the end of the day’s work 
for a shorter period of time than required for complete fixation, part 
of the undeveloped silver bromide remains in the gelatine in combina- 
tion with the hypo in the form of an insoluble complex, which abso- 
lutely will not wash out of the emulsion. Stains occur in the image as 
a result of this incomplete fixation, or the image may fade badly after 
a period of time. To secure permanent records it is essential to allow 
complete fixation, so that on subsequent washing, all of the unwanted 
chemicals left in the emulsion can be eliminated. 

If there is any doubt as to the thoroughness of fixation, two sug- 
gestions can be made, either of which should complete fixation. The 
first suggestion makes use of two acid fixing baths in the truck; the 
record being immersed for normal time in the first bath, examined in 
white light, and then immersed in the second bath, from which it can 
be dropped into the final water rinse bath after a period of five min- 
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utes. The second suggestion makes use of a fresh acid fixing bath at 
base headquarters into which all of the records from the day’s work 
can be immersed. If the records have been allowed to remain in the 
last can of rinse water, they can be carried wet to headquarters and 
immersed in the fresh fixing bath with no difficulties, after which 
operation they can be washed. 

Mention has been made of the manner in which the acid content 
of the fixing bath is consumed, and of the stains thereafter occurring. 
Mention should also be made of two other ways in which the fixing 
bath may deteriorate to ultimately stain the records. 

It is possible for some of these fixing baths, when exhausted, to 
precipitate a white sludge of aluminum sulphite, which if not washed 
from the record before it first dries, will produce stains. 

A yellow precipitate of free sulphur may also form if acid is added 
to sodium thiosulphate solutions containing no sodium sulphite. 
Further, the yellow precipitate may form in a fixing bath which has 
been stored or used at high temperatures. 

It is recommended that a fresh fixing bath be made to immediately 
replace any bath in use containing one of these precipitates. 


WASHING 


The process of washing seems to be the least understood. As 
mentioned above, only the soluble silver hypo complexes formed by 
normal fixation can be dissolved and washed away by diffusion into 
fresh running water. If it is understood that the washing process pro- 
ceeds exponentially with time; that is, about one-half the retained 
hypo being removed in unit time, one-half of the remainder removed 
in the next unit time and so on, it will immediately be seen that. 
thorough washing requires a flow of fresh water over the record for 
such a time as to remove practically all of the hypo. The immersion 
of the record in a tank of stagnant water does not remove the hypo; 
the hypo is merely diluted. When a jar of water, fresh at the beginning 
of the day’s work, is used for the final rinse bath with the records 
accumulating in the same water during the day, it soon becomes dilute 
hypo, and unless the records receive some other washing, as outlined 
later, the hypo and silver are not removed. It is not long then, after 
the records are dry, that they begin to show bad stains. Image fading 
is also a possibility as a result of the non-removal of the hypo and 
silver. 

As mentioned previously, washing proceeds most rapidly when a 
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continuous flow of fresh water passes over each separate record. In the 
case of paper materials, the time of washing seems to be more im- 
portant than the volume of water passing over the record. By all 
means, if the records receive no real washing during the day in the 
field, they should be given at least a one-half hour wash at base head- 
quarters at the end of the day’s work in a tank in which the water 
flows at a rate sufficient to replace itself in the container once every 
five minutes. If the number of records is large and the rate of change 
of water is low, an hour’s washing time should be allowed. If running 
water is not available, washing may be accomplished by passing each 
separate record back and forth for two or three minutes through a 
small volume of water in a container; repeating the operation in six 
or seven changes of water. The strips may then be dried. 

A few general suggestions are in order to close the discussion. 

It has been observed as common practice in recording work to 
place the fixing bath immediately adjacent to the developer. Little, 
if any, precaution is taken to prevent hypo from splashing back into 
the developer, or from being carried to it on the operator’s hands. It 
has been found that the presence of hypo in developer produces fog 
and degrades the image by partially fixing it during development. 
Further, the developer reduces the silver bromide, dissolved by the 
hypo, to a finely divided black metallic silver. This sludge in the de- 
veloper tends to stain the image. Trouble from this source is more 
pronounced at high temperatures. Keeping the developer clean can- 
not be too strongly emphasized. 

Another source of developer trouble is at times the contamination 
coming from the containers used to hold the developers. If enameled 
cans are in use, discard any that show cracks or chips in the enamel 
through which the developer may come in contact with the metal 
underneath. The iron usually used in these jars will cause a yellow 
stain to appear on the record; an effect enhanced by high tempera- 
tures. 

No metals or alloys are known which are completely satisfactory 
for all photographic solutions. For intermittent use, 18-8 stainless 
steel containing a small percentage of molybdenum represents a 
fairly satisfactory material for use with developer and fixing baths. 
Samples of ordinary 18-8 stainless steel are not satisfactory. Con- 
tainers of pure nickel have been found to be very satisfactory, and to 
have the least action on the developer. Any degradation of image 
quality in these containers is enhanced at extreme temperatures. If 


114 FREDERICK A. TOMPKINS 


metal containers are used, it is important to weld any seams; do not 
solder them. Glass containers, of course, are the best for quality photo- 
graphic production, though subject to easy breakage. 

One other source of fog not easily recognized, is that of too much 
light or light of an unsafe quality in the darkroom or dark compart- 
ment. It must be recognized that nearly all of the common emulsions 
used for recording work are sensitive to spectral light well out into 
the orange. Any red light beyond this region will not affect the emul- 
sion. It should be pointed out, however, that visual and photographic 
reds are not always identical, hence it is best to test photographically 
the safelights used in the darkroom. This can be done by partially 
covering with black paper a piece of the sensitive material in use, 
exposing the remainder to the compartment safelights for approxi- 
mately the time consumed in normal operation, and then developing 
the paper in complete darkness for the normal time. If any density 
is produced in the exposed area, the lights are not safe for the material. 
Either the color is wrong or the light is too brilliant. The remedy is 
obvious. 

SUMMARY 


In this brief fashion, the influence of various factors has been indi- 
cated in developing, fixing, and washing of the seismograph record to 
the end that a more consistently legible, permanent record may be 
secured. It is hoped that more specific recommendations and sugges- 
tions can be made at some future time as the problems involved in 
practical recording work become better known. 
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THE ECONOMIC UTILITY OF THERMOMETRIC 
MEASUREMENTS IN DRILL HOLES IN 
CONNECTION WITH DRILLING AND 
CEMENTING PROBLEMS 


EUGENE G. LEONARDON! 


During the past years we have witnessed a remarkable develop- 
ment of the geophysical methods for the purpose of gaining a more 
complete and accurate knowledge of the conditions in drill holes. 
Directional surveys can now be achieved in a very reliable manner. 
The di-rection of the dip of the formations traversed begins to be 
studied successfully, and their nature and content are regularly in- 
vestigated by means of electrical surveys. 

Among the physical parameters which have not yet been utilized 
very extensively, and which might nevertheless yield useful data, is 
the temperature. The object of the present paper is to discuss briefly 
this new approach to drill hole investigation and to outline a few re- 
sults which have already been obtained. 

Full credit for evolving a suitable method and operating technique 
as well as for building the practical apparatus which made the thermo- 
metric measurements possible, should go to Messrs. C. and M. 
Schlumberger and H. G. Doll. The contribution of the writer to the 
present work has been limited to the direction and interpretation of 
the field operations. 

GEOTHERMIC GRADIENT 


It is a well-known fact that the thermic conductivity varies with 
the nature of the rocks. For instance, a dry sand will have a conduc- 
tivity of 3.10-*. This means that it transmits 3/10.000 of a calorie 
gram per second and per square centimeter, for a gradient of 1° Centi- 
grade per centimeter. For oil the same conductivity is also 3.107. It 
is 14.10‘ for water and is as high as 52.10“ for limestone, and 66.10~4 
or more for rock salt. This illustrates the wide range of this parameter 

The variations of the geothermic gradient will be, therefore, closely 
related to the succession of rocks encountered, and will mark the im- 
portant stratigraphical changes. Fig. 1 illustrates theoretically the 
disturbances which will be encountered. The geothermal gradient will 


1 Schlumberger Well Surveying Corporation, Houston, Texas. 
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be particularly steep in the poorly conductive formations, and each 
angular point of the curve will correspond to a brusque change in the 
constitution of the formations. 

Of course, the accurate study of the geothermic gradient is im- 
possible except in a drill hole which has reached its equilibrium of 
temperature with the surrounding formations. If this end is to be 
achieved with a reasonable degree of accuracy, the hole must be kept 
idle for a sufficient length of time, which will depend upon several fac- 
tors, in particular: 

(a) The diameter of the hole. 

(b) The nature of the drilling process. 

(c) The length of time during which the mud was circulated. 

(d) The outside temperature of the mud. 

For instance, in a well at Baku, the diameter of which was about 
12”, the gradient was 3.6°F. after the well had been left idle 24 hours, 
but it was 7.2°F. after 48 hours. 

It is easy to understand that before the formations return to their 
initial temperature, a long time will elapse. This is particularly true 
in the case of a producing well or of a well where the porous formations 
were penetrated by the mud fluid. There are instances where the final 
equilibrium will be reached only after a length of time which may be 
in the order of one month. 

In spite of these drawbacks, an attempt may be made to study ap- 
proximately the geothermal gradient in drill holes which have been 
left idle for only a short time (one day or a few days). This is based 
on the fact that the temperature curve actually recorded in the hole, 
while not representing the exact temperature existing in the undis- 
turbed formations, will be more or less parallel to this ultimate graph. 
At a given depth the temperature will be quite incorrect, but the slope 
of the thermometric curve will show a temperature gradient which 
may be quite satisfactory. Experience demonstrates in particular that 
stratigraphic changes can be easily studied by this procedure. 


STUDY OF THE VARIATION OF TEMPERATURE IN A DRILL HOLE 


There is, however, another angle of approach to the prob!em; 
namely, merely registering the temperature existing in a drill hole, 
following its variation in terms of the time, and endeavoring to find 
the significance of the disturbances and variations observed. In such 
a case, we do not study the temperature of the formations anymore, 
but merely the thermal behavior of the mud filling the hole in terms 
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of the time. In other words, we will record and follow the exchanges of 
heat occurring between the mud fluid and the surrounding rocks. This 
cooling or warming up of the mud will vary according to the thermic 
conductivities of the formations. From these measurements, there- 
fore, it will often be possible to draw useful and definite conclusions 
concerning the thermic conductivity of the formations. By this in- 
direct method we are then able to cope with a problem, the direct 
solution of which has been shown to be impractical. 

Of course, a further step will be to interpret the results obtained 
in geological and lithological terms. 


PRINCIPLE OF THE INSTRUMENT USED 


The instrument used is an electrical thermometer. It is based on 
the variation of the resistance R, of an electrical conductor with its 
temperature ¢. For small variations of the temperature ¢, in the neigh- 
borhood of an initial temperature ¢o, this resistance is a linear func- 
tion of the difference ¢—¢) and can be written: 


a(t—to) +5 


a and b being two constants, the value of which can be easily deter- 
mined experimentally. 

If the resistance R, is measured accurately, the tempejature ¢ will 
be known. This is achieved electrically by means of a Wheatstone 
bridge. Without entering into technical details, it is easy to un- 
derstand that such a resistance measurement can be conveniently re- 
placed by the measurement of a difference of potential with a po- 
tentiometer. In turn, this difference of potential can be recorded at 
the well in a continuous manner by a suitable registering apparatus 
as is the case in electrical logging technique. 

Some practical difficulties were successfully overcome after much 
laboratory and field research work. For instance, a very good insula- 
tion of the thermometric circuit was particularly delicate to achieve 
on account of the fact that part of this circuit must very quickly 
take the temperature of the mud in which it is plunged, and there- 
fore has to be in rapid and intimate contact therewith. Also, the high 
pressures existing in deep wells render the problem of electrical in- 
sulation specially difficult. 

The accuracy of the measurements is in the order of 3 of a degree 
Fahrenheit. It is evident that special precautions have to be observed 
to take full advantage of this accuracy. In particular, the speed at 
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which the instrument is moved has to be relatively slow on account 
of the time-constant of the apparatus. 


APPLICATIONS 


(a) At great depths, for instance 7,000 feet, the temperature may 
be as high as 180°F., whereas it is only say about 60°F. near the sur- 
face. In a well drilled at such a depth, the circulating fluid will have 
a temperature of, for instance, 140°F. at the bottom of the hole and 
100°F, when entering the drill pipes. In the middle part of the well 
there will then be a point ‘‘A”’ where the mud will have exactly the 
temperature of the surrounding formations. Let us suppose that the 
diameter of the hole remains the same from the top to the bottom. 
When the circulation is stopped, the mud will warm up in the lower 
part of the hole and cool at its top, whereas it will remain unchanged 
at ‘‘A.” The various temperature curves recorded at different in- 
tervals of time will consequently rotate around this point as shown 
schematically on Fig. 2. 

Evidently, the warming and cooling of the mud will not be the 
same opposite every kind of formation. The changes in temperature 
will depend upon the nature of the rocks. For instance, the water sands 
have a high thermic conductivity (mostly due to the convection 
movements of their water), and will reach their equilibrium of tem- 
perature faster than the shales. These variations are materialized on 
Fig. 2, which shows the behavior of the temperature curve at differ- 
ent periods of time after the circulation has been interrupted. 

(b) Thermometric Measurements in Casings: In cased wells, the 
heat exchanges take place through the casing. Due to its high thermic 
conductivity, the casing dampens more or less the local temperature 
variations. As a result, these variations (for instance, a water sand) 
will show up on the diagrams by an altogether smaller anomaly. In 
addition, the top and bottom of a sand will not be so sharply charac- 
terized on the diagrams. 

These considerations are clearly illustrated by Fig. 3 which shows 
two thermometric runs carried out in a cased hole. The hole had been 
plugged back at 4,831 feet and cemented with 700 sacks of cement. 
Part of the cement fluid returned to the surface behind the casing, 
an indication that some channeling took place behind the casing. 

In order to study conveniently the local thermometric variations, 
a “‘base line” representing the general trend of the temperature has 
been drawn for both diagrams. The small discrepancies between the 
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actual curve and the base line were put in evidence by blacking in 
the space between the two curves. The first run was made 70 hours 
after cementation, the well having been kept idle. The second run was 
made 5-9 hours after the mud had been circulated for three hours 
(go hours after cementation). 

The second diagram shows a large anomaly below 4,420 feet, which 
was interpreted as corresponding to the cement. This interpretation 
is likely to be correct in spite of the fact that the anomaly is located 
exactly opposite water sands, because it is too large to be due only 
to these porous layers. 

The two diagrams show that the mud is heated under the depth 
of about 3,200 feet, while it actually transmits calories to the forma- 
tions above this depth. The water-bearing layers, which are more con- 
ductive, give rise to distinct anomalies at many places, although the 
measurements are made inside of a casing. 

(c) Study of Temperature Anomalies Due to the Flow of Fluids, 
Cementation, etc.: Fluids discharging in a hole will give rise to a 
thermometric anomaly. In case of water or oil, this will generally bea 
peak of temperature. In case of gas, this will be a drop of temperature, 
as a result of expansion of the gas. Thus it will be possible to elucidate 
many problems of oil and gas occurrences or water flow problems. 

Fig. 4 shows an example of a gas-bearing dolomite on which 
a temperature drop is particularly distinct (about 6° Fahrenheit over 
a length of about 200 feet). 

The well gave an initial daily production of 700 barrels of fluid, 
with a percentage of 10% of water. One month later, the flow dropped 
to 525 barrels, with 30% of water. 

The thermometric run was made 12 hours after circulation. At 
6,440-6,575 feet, the diagram shows a cool region. The maximum de- 
crease of temperature corresponds to a highly resistive and porous 
dolomite. Our conclusion was that the dolomite was gas-bearing. At 
the bottom (6,690-6,700 feet) a large increase of temperature is 
observed which corresponds to a slight decrease in resistivity. This 
section was interpreted as a water-bearing sand. 

The well was then plugged back to 6,680 feet. The result of the 
job was a daily production of 19 M. cubic feet of gas with distillate 
and no water. 

The locating of a cemented zone will be particularly easy to study 
on account of the great quantity of heat produced by the cement in 
the process of hardening. 
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Fig. 5 shows the determination of the top of the cement in a 
well at Tomball, Two temperature curves were traced, the first one 
four hours after the circulation was interrupted, and the second one 
ten hours later. Both curves allow to locate the top of the cement 
without any hesitancy. The important rise of temperature at the bot- 
tom is due to the cement plug. 

Fig. 6 shows the determination of the top of the second cemented 
zone in a hole where a first cement job had been carried out four weeks 
earlier. Both cement columns are put in evidence, and it is an easy 
matter to determine the top of the ement in the last operation. 

The first casing was set at 7,660 feet and cemented with 250 sacks. 
The top of this cement was found to be at 6,750 feet, a depth which 
checks with the amount of cement employed. 

The second casing was set at 9,070 feet and cemented four weeks 
later with 400 sacks. The first four runs were made without mud circu- 
lation, respectively 40, 48, 56, and 64 hours after the second cementa- 
tion. A fifth run was made 3-8 hours later, after a 3 hour circulation. 

The first run gave the most satisfactory diagram, showing from 
7,800 feet to bottom an increase of temperature due to the second 
cementation. 


CONCLUSION 


These few examples merely outline some of the problems which 
may be tackled, or of the ideas which may be profitably exploited in 
the field of thermometric surveys. 

The procedure has not reached, by any means, an easy stage of 
commercial exploitation. It is still necessary to operate extensively 
and under various practical conditions before gaining a sound knowl- 
edge of the operating technique to be employed and of the interpreta- 
tion to be given to the anomalies. Nevertheless, we believe that the 
results already obtained are encouraging and already of sufficient in- 
terest to be made public. 
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THE PLACE OF THE VERTICAL GRADIENT IN 
GRAVITATIONAL INTERPRETATIONS! 


H. M. EVJEN? 


It is a generally recognized fact that there is a certain similarity 
between structural contours and gravity contours. This is particu- 
larly true in the case of flat, shallow structures. In fact, in the limit, 
in the case of a surface distribution of matter, the gravity picture very 
near this surface becomes identical with the surface density distribu- 
tion aside from a constant factor, that is, 


(1) amkBAz=g 


where (8 Az) is the surface density of matter and & is the gravitational 
constant. 

Flat, shallow structures may be considered in first approximation 
as surface distributions, and we obtain for the relief, 


(2) Az=g/2rkp 


where £ is the ordinary density anomaly. 

This approximate formula may be used not only to calculate the 
relief of shallow structures from the gravity picture, but also to calcu- 
late the gravity picture from the relief. It is so used in making terrain 
corrections. The so-called Bouguer correction is based directly on this 
formula, and aside from uncertainties about the density generally may 
be considered as representing a very good approximation. 

It is, of course, not permissible to apply formula 2 to keep seated 
structures. Attempts to correlate promiscuously the gravity contours 
with structural contours may lead to disastrous results. The iso- 
gravimetric contours in general give a smoothed-out picture of the 
structure, the more so the deeper the structure. In fact, for deep struc- 
tures, a structural low easily may correspond to a gravitational high, 
(assuming positive density anomalies). (See Fig. 2 below.) Many a 
‘geologist, to his grief, has discovered this only too late. 

Formula 2, however, may be applied generally for direct structural 
calculations if by g we mean not the observed anomaly at the surface 
of the ground but the gravity anomaly which would be observed ap- 


1 Published by permission of the Shell Petroleum Corporation. 
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proximately at the depth of the structure. Since we cannot observe 
this latter anomaly directly we are forced to calculate it. 

The gravity anomaly at a depth h/ can be most directly calculated 
by means of a Maclaurin Expansion. That is, 


(3) g(h) Xg(o)+ [dg/dz]o-h+ -- - 


where g(o), [dg/dz]o, etc., are the values of gravity and its vertical 
derivatives at the surface of the ground. 

This expansion is valid only if it converges. If it should turn out 
not to converge we would know that the depth, /, chosen is too great, 
and that the structure is actually shallower than this. 

If we could calculate the vertical derivatives of gravity, therefore, 
we would be in a position to calculate gravity at any depth not ex- 
ceeding a certain /max. Moreover we would know that the structure 
could not be deeper than this /max. Having thus calculated the value 
of gravity at a depth h, we could calculate directly a structure at this 
depth, (by formula 2), which would reproduce the observed gravity 
picture at the surface. 

This direct calculation is, generally speaking, simpler and quicker 
than a calculation by trial and error. © 

The even vertical derivatives of gravity can be most easily calcu- 
lated by Laplace’s Equation. We have, for instance, 


so that 
(4) 0°g/d2*= — 


g, being known graphically as a function of x and y, Eq. 4 enables us 
to calculate d?g/dz*. 

In a similar manner any higher even derivative may be calculated. 
Writing D,” for 0"; vz", etc., we get the fourth order derivatives, 


D2 [D.?g ] +D,? [D.?g ] +D/ ] 
D;? +D,? [D.7g] +D? [D.?g] 
D? [D,?g] [D,7g] +D/ [D,7¢] =o 


Opening the brackets and noting that the operators D are commuta- 
ble, we obtain, 


(5) [Dz?+D,?]*g 


In general, 


id 
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(6) D,ng=(— 1)"[D.2+D,?}"¢. 


The higher odd derivatives similarly can be calculated by La- 
place’s Equation from the vertical gradient of gravity, 0g/dz=g.,. The 
general formula is, 

(7) D?"+1g= (—1)" [D.2+D,?]"g.. 

Calculation of the higher odd derivatives of gravity by differen- 
tiation thus presumes the knowledge of the vertical gradient over the 
surface of the ground. If we knew the vertical gradient we could, by 
Eqs. 3, 6, and 7, calculate the value of gravity at any depth, and thus, 
by Eq. 2, make dircct structural calculations. The number of terms 
required in the expansion, 3, generally will depend on the accuracy 
of the original data, the depth of the structure, and the amount of de- 
tail wanted. The calculation of the higher derivatives by Eqs. 6 and 7 
easily can be standardized and carried out quickly in a routine fashion 
provided gravity and its vertical gradient are known. 

Not only because it enables us to make direct structural calcula- 
tions, but also intrinsically, is the knowledge of the vertical gradient of 
considerable interest. To illustrate this, let us consider an example. 

For simplicity, consider a two-dimensional case, and let two simi- 
lar structures in the form of two cylinders of infinite length be buried 
at a depth h, a distance 2A apart, as shown in Fig. 1. 


x 


A 


Fic. 1. Ideal ‘‘structure.”’ 


Aside from a constant factor, depending only on the mass per unit 
length of the cylinders, the value of gravity at the surface of the 
ground due to these structures may be written, 


(8) 
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Depending on the depth, h, the gravity picture may or may not 
exhibit two separate maxima over these two cylinders. That is, the 
gravity picture will have a single maximum if d is greater than a cer- 
tain /,, and it will have two maxima if h/ is smaller than this value. 


These two conditions are shown in Fig. 2. 
g 


WY x 


Fic. 2. Gravity profiles over ideal structure. 
The maximum depth for which the two structures are resolved 
by the gravity picture is given by, 
(9) hn=/3A. 


On the other hand, if we plot the vertical gradient of gravity over 
the structures of Fig. 1, we obtain the pictures shown in Fig. 3. 


Fic. 3. Vertical gradient profiles over ideal structure. 
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These pictures refer to the same depths as those in Fig. 2. It will 
be noticed that the vertical gradient gives a much sharper picture 
than gravity. The maximum depth, /,,’, for which resolution is ob- 
tained, in this case is, 


(10) Im! =V 3++/8-A 


or almost 4o per cent greater than in the case of gravity. The vertical 
gradient of gravity, therefore, has the advantage compared to gravity 
that it gives better structural resolution. 

A third application of the vertical gradient is that, under favora- 
ble conditions, it gives an estimate of the depth to a structure and 
also defines better than gravity the edge of a structure. For instance, 
in the case of a well-defined fault, the vertical gradient gives the pic- 
ture shown in Fig. 4. 
9z 


2z 


Fic. 4. Vertical gradient profile over fault. 


The distance between the maximum and minimum is twice the 
depth to the fault, and the location of the fault is exactly determined 
by the place at which the gradient is zero. 

A fourth application of the vertical gradient is afforded by terrain 
corrections in gravity surveys. 

The free air and Bouguer corrections do not take care of the change 
in the structural gravity anomaly with altitude. After the ordinary 
terrain corrections have been applied, we still ought to apply the fol- 
lowing correction: 
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(12) gothdg/dz 


where 0g/dz is the vertical gradient due to the structural density 
anomaly and h is the altitude over the plane of reference. Hereby 
the anomalous gravity is reduced to the reference plane PP, Fig. 5. 

For a gravity anomaly of about 10 milligals due to a mass anomaly 
at a depth of a few kilometers this correction may amount to as much 
as 20 per cent of the Bouguer correction, or to about 1o per cent of 


the total terrain correction. 
Fic. 5. Topographic section. 


In view of all these valuable applications it would seem advantage- 
ous, at first sight, to build an instrument for measuring the vertical 
gradient of gravity directly. Two objections, however, immediately 
come to mind. In the first place, the vertical gradient, to the same ex- 
tent as the horizontal gradient, is apt to behave erratically due to 
shallow irregularities. In the second place, the vertical gradient has 
a large normal value, (about 1/10 milligal per foot), due to the curva- 
ture of the earth, and we would have to be prepared to measure 
fluctuations of the order of 10-4 of this normal. The problem there- 
fore would be considerably more difficult than that involved in an 
ordinary torsion balance. 

However, the vertical gradient may be calculated from the gravity 
picture. This procedure has many advantages. In the first place, the 
effect of shallow irregularities has a tendency to be eliminated, because 
these do not show up appreciably in the gravity picture, the latter, 
moreover, being usually smoothed out as much as possible by the 
computer. In the second place, regional effects are more or less mini- 
mized by the process of calculation. The normal value of the vertical 
gradient is completely eliminated due to the fact that the surface of 
the earth is assumed to be a plane. In a general way, therefore, the 
calculation has a tendency to bring out the significant structural fea- 
tures and to suppress shallow and regional effects. 

The vertical gradient of gravity can be most easily calculated by 


P 
j 
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means of Gauss’s Theorem. Referring to the cylindrical coordinates 
shown in Fig. 6, let us suppose that the plane 2’=o is the horizontal 


plane over which gravity is known. 
z' 


-z' 
Fic. 6. Cylindrical system of coordinates. 


There are no gravitating masses on the upper side of the plane P. 
It follows, then, from Gauss’s Theorem that the value of gravity at a 
point on the positive polar axis can be represented thus: 


where the integration is to be extended over the infinite plane, and 
where g(r, a) is the value of gravity observed in the plane. 
For simplicity we can write, 


(14) =(1/2) ade 
0 
where (r) is the average value of gravity on a circle of radius r around 


the origin. 
The value of gravity at a point on the positive polar axis then be- 


comes, 
0 


Differentiating, we obtain, 


134 H. M. EVJEN 


(16) (r?— 22!) 5/2, 


For reasons which will immediately become apparent we shall split 
this integral into two parts, 


R 
dg/d2' = i +f ‘ 
0 R 


In the first integral let the upper limit, R, be so small that 2(r) 
may be considered as essentially constant from r=o to r=R. Then 
2(r) =go may be taken out from under the integral sign, and we get, 


R 

Now we can let z’=o, and we get, 

(18) ag/as'=—go/R+ 
R 


By our choice of coordinates the sign of the gradient is positive 
when gravity increases upward. In applications it is more convenient 


to let the positive z-axis point downward. That is, let z= —2’, and we 
get, 
(19) 

R 


In the two-dimensional case, that is, when dg/dy is so small as to 
be negligible over a finite area, the expression for the vertical gradient 
becomes, 


(20) 0g/0z= 2g0/mR—(2/7) [z/x?|dx 


where g= [g(x)+g(—2) ]/2. 

Graphical methods can be devised by which either of the integra- 
tions, (19) or (20), can be easily and accurately carried out. In the 
three-dimensional case, (19), the graphical or mechanical implements 
operate on the equi-gravimetric contours, in the two-dimensional case 
on the gravity profile. 

If we are interested only in direct structural calculations it is not 
necessary to calculate the vertical gradient separately. The steps in- 
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dicated by Eqs. 19, 6, 7, 3, and 2, may be combined into a single 
operation. In view of the other valuable applications of the vertical 
gradient, however, a separate calculation often is commendable. 

For the purpose of structural calculations two terms in the ex- 
pansion, (3), is vastly superior to only one and is often sufficient. If 
the accuracy of the data warrants the use of more than two terms, 
that is, if second and higher derivatives of gravity can be accurately 
calculated, a single operation for structural calculations is somewhat 
simpler and quicker. Calculation of individual terms, however, is more 
comprehensive. Each vertical derivative of gravity, like gravity itself, 
may be contoured, and each term adds detail and accuracy to the 
structural picture. The depth to the structure also can be sometimes 
estimated from a knowledge of the separate terms. If the structure 
contains sharp features, such as a fault, the depth to the structure is 
theoretically given by the radius of convergence of the expansion (3). 
In mathematical language, 

(21) d= lim | nD."g/D,"*'g |. 
n> 


In applying this formula, 
(22) d,= | nD."g/D,"*'¢ | 


may be plotted against 1/n. The extrapolated intersection of the re- 
sulting curve with the d,-axis often gives a good estimate of the depth. 
If this operation is repeated at several points in the neighborhood of 
a sharp feature in the gravity picture and consistent results are ob- 
tained, the depth thus calculated may be accepted with some confi- 
dence. 

For these reasons separate calculation of the various higher deriva- 
tives is of considerable interest. In practical applications the following 
comprehensive system of analysis may be suggested: 

1. The vertical gradient of gravity is calculated and contoured for 
the surveyed area as a whole. 

2. If it appears necessary, the additional terrain correction repre- 
sented by Eq. 12 is applied. 

3. If necessary, the vertical gradient is recalculated from the cor- 
rected gravity picture. 

4. The gravity map and the gradient map are inspected for inter- 
esting features. The gradient map, due to its better resolution and 
comparative absence of regional effects, often will be found to exhibit 
interesting features not apparent in the gravity map. 
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5. In the neighborhood of the interesting features as many of the 
higher derivatives as compatible with the accuracy of the data are 
computed. 

6. Depth estimates are made in accordance with the considera- 
tions outlined above. 

7. By Eq. 3 gravity is reduced to the level /. In the flat, uninterest- 
ing parts of the surveyed area only two terms are used in the ex- 
pansion (3). In the neighborhood of interesting features all the higher 
derivatives are used. 

8. Structure is calculated on the basis of Eq. 2. 

g. If the structure thus calculated is found to have a greatly vary- 
ing depth, steps 7 and 8 may be repeated, varying / in accordance 
with the first approximation picture. The second approximation struc- 
ture, thus obtained, generally will be found to reproduce the observed 
gravity picture to well within the limits of experimental error. 

This system of analysis, based essentially on the vertical gradient 
of gravity, at first sight may appear somewhat elaborate. It can be 
standardized and even mechanized, however, and thus reduced to a 
matter of easy routine. Even though more office work may be required 
than by other, less comprehensive, methods of analysis, the additional 
expense, thus incurred, probably is justified by the more accurate and 
exhaustive utilization of the data. 

For permission to write and present this paper I am greatly in- 
debted to the Shell Petroleum Corporation. 


SUMMARY OF SOME PENDING PATENT 
LITIGATION RELATING TO SEISMIC 
EXPLORATION 


C. R. HRDLICKA! 


The Texas Company, through its solicitors, Baker, Botts, An- 
drews & Wharton, and Cooper, Kerr & Dunham of Philadelphia, Pa., 
on February 1, 1934, filed suit for infringement of certain patents relat- 
ing to geophysics against Sun Oil Company. This suit, No. 611 In 
Equity, was filed in the District Court of the United States for the 
Southern District of Texas, Houston Division. 

The bill of complaint prays for injunctive relief and related reme- 
dies against infringement of certain Letters Patent, and alleges that 
some of the acts of infringement have been committed in the territory 
embraced by the Southern District of Texas, Houston Division. 

The bill of complaint in substance alleges that Dr. Ludger Min- 
trop, of Bochum, Germany, was the first and sole inventor of the 
process for testing and exploring geological structures and that on De- 


cember 13, 1920, he applied for a grant of United States Letters — 


Patent. It is alleged that the inventions covered by the application 
had not been patented or described in a printed publication in this 
or a foreign country or known or used by others and had not been in 
public use or sale for a period of more than two years prior to the ap- 
plication for Letters Patent. The inventions covered by Mintrop were 
never patented in a foreign country by him or his representatives or 
an application filed more than twelve months prior to December 13, 
1920, except that on December 6, 1919, Mintrop filed in Germany an 
application for a patent on the inventions and received German 
Patent No. 371,963 and as a result was entitled to the benefits of the 
Nolan Act and extensions (as adopted March 3, 1921). The Commis- 
sion of Patents, having made an examination of the invention, and in 
accordance with the Nolan Act, issued Mintrop on September 14, 
1926, in the name of the United States of America, United States 
Letters Patent No. 1,599,538 entitled “‘Geological Testing Methods” 
with the exclusive right to make, use and vend throughout the United 
States and territories for seventeen years. 

The allegations of the bill of complaint further state that Dr. 


1 Attorney at Law, Sterling Bldg., Houston, Texas. 
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Burton McCollum, of Washington, D. C., was the first and sole in- 
ventor of a process and apparatus for determining the slope of sub- 
surface rock boundaries, and on October 24, 1923, filed an application 
for Letters Patent. After application for the Letters Patent and prior 
to their issuance, McCollum assigned by a written instrument re- 
corded in the Patent Office his inventions, improvements and appli- 
cations to McCollum Geological Explorations, Inc. The Commissioner 
of Patents issued on August 13, 1929, to Burton McCollum, United 
States Letters Patent No. 1,724,495 entitled ‘Method and Apparatus 
for Determining the Slope of Subsurface Rock Boundaries.” 

The complaint further states that Dr. Burton McCollum was the 
first and sole inventor of process and apparatus for studying subsur- 
face contours, and that on October 13, 1923, after application for Let- 
ters Patent, but before issuance of such Letters, McCollum assigned 
his rights to McCollum Geological Explorations, Inc., and any patents 
that might issue. The Commissioner of Patents on August 13, 1929 
issued Letters Patent No. 1,724,720 entitled ‘‘“Methods and Appara- 
tus for Studying Subsurface Contours.” 

It is alleged that The Texas Company, through assignments, is the 
owner of all right, title and interest in and to United States Letters 
Patents Nos. 1,599,538, 1,724,495, 1,724,720, and that The Texas 
Company is entitled to all damages for past infringements. It is stated 
that the Sun Oil Company has within six years prior to the filing of 
this suit infringed in the Houston division and elsewhere in the United 
States the three patents, and that the Sun Oil Company “does not 
have’ nor ‘‘never has had”’ any license under the patents mentioned. 
The Texas Company has notified the Sun Oil Company to ‘‘desist”’ 
from infringing on these patents and that the latter Company has 
failed to heed the notice and alleges that the Sun Oil Company is 
now, and from inception, is a ‘‘wanton” and ‘“‘willful” infringer and 
unless the court restrains the Sun Oil Company, it will continue to in- 
fringe on these patents. It further alleges that The Texas Company 
and its predecessors in title have spent large sums of money in de- 
veloping and exploiting these patents which have proven to be very 
successful and that The Texas Company has been receiving profits 
from exploiting these patents and will continue to do so if granted 
injunctive relief. 

The prayer in the bill of complaint asks ‘‘that the Sun Oil Com- 
pany, its agents, servants, employees, and attorneys, and those in ac- 
tive concert or participation” be enjoined both during the pendency 


1 
} 
; 
if 
‘ 
< 


PATENT LITIGATION 139 


of the litigation and permanently, prays for an accounting and pay- 
ment to The Texas Company for all gains, profits and damages, and 
to its predecessors in title, and that actual damages be assessed and 
increased three times the actual damages because of willful and 
wanton infringement, and asks for cost of litigation. 

The answer of the Sun Oil Company, filed by its solicitors, J. L. 
Foster and Busser & Harding, denies that any acts of the Sun Oil 
Company constitute an infringement of the patents in question and 
denies that The Texas Company at the present time is the owner of 
the entire right, title and interest to Mintrop patent No. 1,599,538. 
It admits that the Sun Oil Company has never had any license under 
the three patents and further admits that it has received notification 
from The Texas Company of the alleged infringement. The answer 
avers that the claims to Mintrop patent No. 1,599,538 are invalid and 
void because the subject matter ‘‘does not comprise any new, useful 
art, machine, manufacture or composition of matter or new and useful 
improvements thereof, and is not the statutory subject of a patent.” 
It further avers that the patent is void because the description of the 
invention is such that a person skilled in the science could not use 
the patent and that the applicant introduced new matter into the ap- 
plication after it was filed and that such new matter is substantially 
different from that contained in the original application. It avers that 
patent No. 1,599,538 is void and invalid because the description filed 
contained less than the whole truth relative to the invention and that 
any one attempting to use it would be unsuccessful in securing the in- 
tended results and that there were “fraudulently made representa- 
tions as to facts and results” and the results which were obtained were 
not done so by the methods set out in the original application. The 
answer further sets out that the invention was not patentable subject 
matter because of common knowledge of those skilled in the profession 
and which the defendant will prove. That this invention prior to the 
time of discovery by the patentee and for a period of two years prior 
to the filing of the application was described in printed publications, 
listed as exhibits attached to the answer consisting of publications 
printed in the United States and foreign countries, and it is invalid 
and void because it was in use in the United States two years prior to 
the filing of the application and that the patentee failed to point out 
clearly the part which he claims as his discovery. It is also claimed to 
be void because the patentee limited his claims and because of this he 
cannot now seek a recovery under general claims so as to include the 
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method used by the defendant. It is set out in the answer that the 
patentee is not entitled to the priority of German patent No. 371,963 
because it does not describe sufficiently the claims set forth in the 
United States patent. 

In reference to patents No. 1,724,495 and No. 1,724,720, the aver- 
ments of the answer are substantially the same as those above. There 
are additional averments of invalidity with respect to patent No. 
1,724,720 on the basis that the patents involved in this suit are sub- 
stantially described in prior patents of the same inventor which are; 
No. 1,672,495 and reissues, No. 1,676,619 and reissues, and No. 
1,675,121 and reissue. The prayer set forth in the answer prays for 
dismissal of the bill of complaint, for costs of litigation and for general 
relief. Recently the law firm of Williams, Lee, Kennerly & Sears have 
signed several pleadings as solicitors for the Sun Oil Company. 

The subpeona in equity was issued on February 1, 1934, and 
served on February 2, 1934, on G. C. Francisco, Jr., as agent for the 
Sun Oil Company at Houston. On February 1, 1934, notice was issued 
by District Clerk L. C. Masterson to the Commissioner of Patents 
that litigation was pending on the above patents. Since the filing of 
the suit there have been a number of orders entered by Judge Ken- 
nerly, at the request of counsel, extending the time for filing an answer 
by the Sun Oil Company and extending the time for bills of particu- 
lars and interrogatories for the taking of depositions by the plaintiff. 
On March 25, 1935, a stipulation was made to pass the case at its 
setting for trial on April 29, 1935 because of the time required for 
translation of publications pertaining to seismograph explorations, 
and on the same date, March 25, 1935, a stipulation was made by 
counsel for both sides that the case be dropped from the trial calendar 
of the docket subject to reinstatement within one year upon applica- 
tion by either party. L. C. Masterson, Clerk of the United States 
District Court, on July 7, 1935 received the sealed deposition of 
Charles B. Bazzoni taken on behalf of the plaintiff, but at this date 
the deposition has not been opened by either party to the suit and 
no further proceedings appear of record in the case. 
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EXPLORATION ON THE GULF COAST, TO 1936 


E. E. ROSAIRE! AND M. E. STILES! 


GENERAL 


From an economic standpoint, very few salt domes in the Gulf 
Coast have been of material intrinsic value except for the oil asso- 
ciated with the dome. While the salt and sulphur produced from the 
exceptions have been valued at fabulous amounts, the rule remains, 
with only these few exceptions, that the salt domes in the coast are 
principally of interest because of the oil associated with the dome (not 
with the salt). As an illustration of this rule, the present practice is 
to discover the oil and to take the presence of the salt for granted, even 
though the gravitational influences due to the presence of salt are 
among the most important prospecting tools. 

For this reason, this discussion is limited primarily to the discovery 
of oil or gas fields in the Gulf Coast of Southeast Texas and South 
Louisiana. For the past ten years this area has been the proving 
ground for geophysical methods, and, with a few exceptions, has been 
center of the greatest amount of geophysical prospecting. 

Shortly after the first confirmations, by the drill, of the geophysical 
predictions of salt domes, the forecast was made that the geophysi- 
cally discovered salt domes would be less productive than the non- 
geophysically discovered salt domes. This prediction was based on the 
assumption that if a dome were capable of producing large quantities 
of oil and gas, then some “‘leakage’’ was bound to occur and indicate 
the existence of these domes by the presence of gas seeps, paraffine 
dirt, or shows in nearby shallow wells. But, so the story went, the. 
intensive search over many years for such surface indications had 
surely exhausted the supply. Therefore, the domes remaining to be 
discovered did not have the oil and gas accumulations sufficient to re- 
sult in “leakages,” and so these domes would not be highly produc- 
tive. 

The myth died some time ago, but, as a matter of interest, the 
comparison between geophysically and non-geophysically discovered 
oil fields is interesting from several standpoints. Among these are 
(1) the rate of discovery, (2) the relative difficulty of establishing 
production, and (3) the comparison as to the rate of producing oil to 
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date (as a possible index to the relative amounts originally present 
and to the existing reserve), and (4) the question of reserves. The 
comparison is not hard and fast, of course, for today the non-produc- 
tive domes of both classes are being judged by the same standards as 
possible oil reservoirs. Within reasonable limits, however, the compari- 
son may be of interest. 


1. The Rate of Discovery of Gulf Coast Oil Fields 

In Fig. 1 the relative rates of discovery of oil fields are shown 
for non-geophysical methods and for geophysical methods. The results 
IS 
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suggest that prior to the introduction of geophysics, the discovery of 
an oil field must have been an almost momentous event. Such dis- 
coveries are of interest even today, when they are being made at an 
average rate of nearly one a month, but when the average rate was 
barely one a year, a discovery was almost the equivalent of winning 
a World’s Series, a Rose Bowl game, or perhaps, making a Hole in 
One. Now the event is like making a course in par, i.e., the result is 
expected to happen. 
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Exploration on the Gulf Coast, to 1936 
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NON-GEOPHY 
GULF COAST | 


PRODUCTION GIVEN IN 1000 BBLS. BY FIELDS : 


LAST YEARLY PRODUCTION FIGURE FOR EACH FIELD 


NAME 8) 9] te 14] 15] 16717] 18 19) 20 | 26 | 30 | 3) | 32 
SPINDLETOP. ° O} Of 0} 0/3599 | 7421 | 6601) 3455} 1600] 1076 | 1613] 1747] 1388)1182] 966] 4823] 716] 580] 368] 340] 308] 502] 459] 324] 321] 295] 309] 36 
2 SARATOGA oO O} 739) 2924 2289)2199] 1635) 1184] 1024 926] 1117] 936] 890] 664] 761] 683] 791] 616] 914] 937] 662] 701 | 545] 587 
SOUR LAKE ° Oo} Of =O} 4a} 3369] 2156 2355] 1595] 1704] 1519]1 365] 1175] 1348] 52094115] 4293]4763] 3115 12740] 2073]1750]1738| 209211 650 
JENNINGS ° Of 8891) 9025/4824) | 1996] 1625] 1 180) 1105} 790) 412) 435] 399] 369] 347] 232] 254] 191] 204] 213] 349] 419] 415] 373] 575] 600] 246] 307 
BATSON 905] 3791 2167] 1594 1204 1113] 1025 845] 741] 774 704 745] 692] 655] 502] 484] 516] 430] 392] 542] 546] 532] 498] 506] 427] 339] 290] 237] 225 
WELSH ° Oo} 10) 23) 47] 35} 26) S54] 27) 22) 31] te} oO of of Oo Of Of Of Of 30 42] s2 6} 17 
GULF 46) 4) 3 Of OF Of Of Of of of of of of of of oO of of of of of of of a 
ANSE LA BUTE o of of Oo} 145] 37) 44) 62] 25] of te] 21] 13] 3} Of 47] 36] 18} 12 «Of Of te] 13 
HOSKINS MOUND | Oj} 3] 5S} 7 8 6] 2 OF OF OF OF Of Oo OO Of of of of oO of of of of of of of of of of af 
HUMBLE 357112931] 3778} 32374 2495| 2426] 1630] 1505/2799]! 7390 | 5645} 3271 | 3692] 3096] 2 553) 2449] 2.245) 1752] 1545] 1158} 663] 3043 6355) 3041) 2234 1728] 1257]1238 
NORTH DAYTON Oo Of OO 120] 10] 4] 12] 13] tof 9} 7 1} 30} 39] 75} 27] 6 5} 5} 210] 454] 215} 107 
MARKHAM O} 60} 29] 456) 562} 300] 295) 164) 137] 158} 128 100] 53] 76] 69] 35] 39] 73} 34] 45] 55] 109 139] 106] 24] 537] 375] 400 
GOOSE CREEK OQ} 44) 250) 135] 119] 397] 730019419) 7288] 5666) 5647] 5248] 6251 366! | 3281 | 2979} 2552) 2140] 1690] 1 506 1301/1169] 1226] 998 
VINTON qo Oo} of oOo} oO 26/2454) 932] 1888] 1465] 1234] 1540] 1595] 1639] 1593] 1333] 1379] 1395] 2071] 1968 12535) 2 1897 | 1642]1 562] 1625] 2006) 1568 
EDGEBLY o a Oo O} $86} 1403 1252] 80q $12] 361] 379] 250] 125] 157] 166] 194] 336] 494] 424 289] 194] 109] 77] 53] 66] 83) 
ORANGE 18} 43} 22) 16 73} 4} 4] 705) 5492 | 5312] 4182] 5024) 3746] 1831] 1466 | 1059] 820] 607] 480) 327) 284) 270 
BRENHAM ' ' 2] 243 2a 4 2 3} 7] #16) 22) 25] 290] 23 it} 9} 
DAMON MOUND of of oO Oo} of Of} Of 487} 435] 1259) 1354) 945] 622) 345] 419] 344] 336] 363] 228) 311] 245 
WEST COLUMBIA Oo} Of Of Of 4.36} 8129910 563}12 57311 632] 6599] 4964/4230 3330) 1490) 1329) 
20] NEW IBERIA oOo} 15} 33) 1 Oo of Oo} Of Of Of of oO} of Of $32 
21) HOUMA Gq oO oO} oO of -| - -| - - -| -| - -| - 
24 BARBER’S HILL o OF OF O O} 20) 169] 136] SO} 236] 173] 72] 47] 146, 68) 323/4487 7688) 8089 7384] 8128) 
23} BLUE RIDGE Oo} Oo} Of} 25} 173] 461) 416] 332] 318] 308) 403] 654] 387] 352] 284] 312) 
HULL 330)1476 | 4469] 6718] 6819] 7732] 7287] 7184] 6682] 6220 4167] 3417] 3163) 2237] 1855] 1980 3499/2308 
25) PIERCE JUNCTION] OF O oF OO oO «Of 1145) 333] 163] 292} 907) 3101] 3960 5096) 3969] 2960) 1638 
26) CREEK O} 17] 299) 329] 634) 1444/ 1413} 873] 423} 409] 360] 345 
28) LOCKPORT 128) 477] 1348 201.4] 1469] 1421) 1162/2017] 979] 954] 700) 656 
9] SOUTH LIBERTY oOo o o of of of .o} oO Of =O} 4554] 2117] 1152) 1438/2208) 1577] 695] 390) 267 
30] BOLING O Of 104121] 791) 628] 609} 379} 265) 195] 127] 143] 164 
SWEET LAKE 659} 95] 191| 459] 270} 330] 368] 406 
2 SULPHUR o of 932} 1328] 1421} 561} 626] 892] 1277 937] 
93} RACCOON BEND 1} 98] 2104 3795] 2690 1800 1528} 1480] 1695 
34) BAYOU BOUILLON] Of OF O of of} of} of of oO a 6 217 B87] 53} 26] O 
HACK BERRY ao a o of of oO oO oOo} o| oO qa oO 674] 452] 500 197} 219 
CLAY CREEK O} 0} .624} 489] 364} 332] 266) 374 
37] CON ROE Oj 25042! 287971431152) 
BUCKEYE Oo} 108} 272] 75) 71! 
199] HOCKLEY od a -o of of of of of of of of of of Of Of Of OF Of OF OF OF OF OF OF 
40] KIT TRELL 317] 375) 
HARDIN 4 
42] SHEPPARD'S MOTT ao oOo Q o of of OF xX 
43} BRYAN MOUND | Of Of oO}; Of Of OF o of of of of oO of of Of of of of OF of Of O 
|193)5 PRODUCTION |TOG RECENT FOR GSTIMAT 
BIG HILL of of of cof of Of} Of} of of of of of of of of of Of Of Of OF Of OF OF OF OF OF O 
BA AVERY ISLAND ao oa of ao of of of of of oF Of Of Off Of Of Of OF OF OF @ Of OF O 
4A DAVIS-H’ . od a ao of a a of of of of of of of of Of Of OF GF F GF OF OF O O OF of GO O 
SA SELLE ISLE ooo of oF 
PINE PRAIRIE ao of OF ao a Oo Oo Oo Oo Of Oo oO oof OF OF OF 
JA GYP HILL qa o Oo} o of of of oF of OF of OF GF F OF OF BF O 
6A STRATTON RIDGE of of oF OF o ao of Oo O o of OF G9 QG QO 
28 qa O of of Of OF OFF OF OF BF F 
COTE BLANCHE o} of Of OF O o| of of oF of O 
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FIELOS SINCE FIRST YEAR DRILLED 


CH FIELD IS PRODUCTION FOR YEAR 1935. 


31 |32]33| 35] 36 | 37] 38 |39 44] 45 |46 CCP TH | no] mo 
CAP [SALT PRIOR] PROS-| DIS 
95| 309] 365] 429)1 119923] 5955] 3206] | 1152| 943 e86}1200] 6 | | 1293 | 1893 | 1901 | sPINDLETOP 
| S45} 587] 455} 405} 363] 346] 391] 372] 322] 302] 289] 208 =. 705] 1500]1900] 9 6 | 1896 | 1896 | 190! SARATOGA 2 
38] 2092]! 650] 1585] 963] 826] 698] 556] 434] 466 | 594 650] 750] 15 9 | 1893 |1893] 1902 | SouUR LAKE 3 
00] 246] 307] ~46] 674 1900| 3716] 10 1 | 1800 | 1901 | 1902] JENNINGS 4 
90] 237] 225] Seo 28-8861 2050| 1 t_|-1901 | 1903] 1903 | BATSON 
38 6 2 | t901 | 1901] 1903] weLsH 6 
1100] 5] 3 | 1901 | 1902] 1904 | GULF 
16] 16] 13} 16] 15] 17 7391 225] 391] 12] 6 | 1899] 1899] 1905] ANSE LA BUTE 8 
o| oo 21} 623] 1150 t_}| 1902] 1904] 1905 | HOSKINS MOUND | 9 
26]1257]1238 1200 1904 |,1904] 1905 | HUMBLE 10 
$a] 215] 107 48] sa] 69 600] 800] 12] 4 | 1901 | 1901] 1905 | NORTH DAYTON 
37|_375| 400] 482 32771 1300] 2923| 5 | 1903| 1903] 1908 | MARKHAM 12) 
est 2 | 1906 | 1907| 1909 | Goose creek {13 
25] 2006} 1588/1353] 1178) 868 500] 925] 11 9 | 1901 | 1901 | 1910 | VINTON 14) 
3991| 5 | 1906 | 1907| 1912 | EDGERLY 15 
mr 1 | 1913 | 1913] 1913 JORANGE 16 
417} goo] 1150] 2] 1 | 1914] | BRENHAM 17 
311| 245] 255] 223] 201 20 | 17 | 1889 | 1901] 1917 | OAMON MOUND 
82 | 1490) 1329]1216] 1045) 917 700] 768| 14 | 17 | 1901 | 1901] 1917 | WEST COLUMBIA |I9 
eos] 3] 1 | 1916 | 1916] 1917 | NEW IBERIA 20 
SAS. 10} 15 | | HOUMA 21 
285 7384 | 8128) 6867 |6802 350} 1000] 29] 16 | 1889 | 1902] 1916 | BARBER'S HILL | 22) 
52] 284] 312] 354 2308 140] 20] 15 | 1903 | 1903/1918 | BLUE RIDGE 
283) 305] 595} 10 | 1908 | 1908/1918 | HULL 24 
69] 2960] 1838] 1575] 1195) 1192 22-130) 719| 960] 52] 20 [1901 | 1901] 1921 | PIERCE JUNCTION2s, 
aso! 645] 1 1 [t919 | 1922] 1922 | CREEK 26 
07| 1511| 25072763] 2522 150] 1300) 7] 22 | 1901 | 1901] 1923 | HIGH ISLAND |27 
34 3 1 | 1922 | 1923] 1924 | LOCKPORT 28 
95] 390] 267| 189] 210 14-234) 320] 500] 56 | -23 | 1902 | 1902| 1925 | souTH LIBERTY [29 
48331 aas| 970] 10| 2 | 1923 | 1923] 1925 | BOLING 30 
3| 172] 1926 | 1926] 1926 | SWEET LAKE 
S174) 350| 1480} 7| 2 | 1868 | 1924] 1926 | SULPHUR 3 
1 | 1926 | 1926] 1927 | RACCOON BEND [33 
26] of o £31 1300] 1650 | 31 | 26 | 1833 | 1902] 1928 | BAYOU BOUILLON|34 
Oo 197] 219] 196] 164 = 49411765 | 2078] 54] 26 | 1901 | 1902] 1928 | HACKBERRY 33 
2449 1795 | 3160] 172] 1926 | 1928] 1928 |CLAY CREEK [36 
1 | 1931 | 1931] 1931 | conRoe 
1 | 1931 | 1931] 1932 | BUCKEYE 3 
1 = 114] 900] 28] 30 | 1905 | 1906] 1933 | HOCKLEY 39) 
| 3772] 3805] 1 | 1712 | 1934 | 1934] 1934 | KITTRELL 40) 
2] 172 | 1934 | 1934] 1935 | HARDIN 41 
18 | 18 | to18 | 1918] 1935 |SHEPPARD'S MOTT |4 
of of of of x 700] 1136 | 10 | 35 | te80|1901| 1935 | BRYAN MOUND |4 
GSTIMATIING 
3007515617]11 314] 7153] 422442891891] 1916} 1537 
250 26] 35] 1901 | 1901 BIG’ HILL 
of of of of o o} 17 3} 34] 1791 | 1902) AVERY ISLAND [2A 
of of oO o| co] 5] 34] 1862] 1902 WEEKS" ISL. 34 
o} of of oO 100] 1230] 25] 33] 1903 | 1903 DAVIS HILL 
9) so] 140] 39] 30] 862 | 1906 BELLE ISLE SA 
o| soo] 35| 27 | 1800|1909 PINE PRAIRIE {6 
3] 25 1911 GYP HILL 
e80| 1300] 60] 23] 1901 | 1913 STRATTON RIDGE 
1030] 1250] 20] 19] 1916 | 1917 SECTION 28 
208] 64] 15] 1916 [1917 COTE BLANCHE 
so] 25] 12] 1818 | 1926 JEFFERSON. ISL. 
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NAME 
1] NASH O | 207] 394] 493] 195] 114) 62) 54] 29] 12] 12 
ORCHARD 45] 133] 639] 499/499] 411] 455] 243 
3) FANNETTE 141296] 360| 186] 146] 153] 194] 288 
4|FAUSSE POINT 8 7 Oo} oO 
5| STARKS O | O | 477/206] 263] 288] 335) 263] 196 
6) ALLEN 0 17] S| 28] 12] 4] 3 3 6 
HACKBERRY O 76]1171] 768] 1350 6 |1830]1704] 2424 
SORRENTO O | 282] 120] 37] 17] 14] 10] 59 
9} SUGARLAND 39014008 |4297 4 198] 3424/2546 [2194/2116 
10] ROANOKE Oo}; O | O |} 240) 1599 
11] PORT BARRE 448] 56411032] 9781/1296 


12] BLACK BAYOU | 26/175] 480/349] 430] 568 
13] PORT NECHES | 243] 660] 500] 509] 399] 568/588 


15| BAY ST ELAINE -| - - = 2 
16] HANKAMER 40] 539] 808] 666] 540] 369| 580 


17} LAKE PELTO 24] 56] 37] 23] 18 94 
18 LOST LAKE 99] 209] 98] 136] 85] 66] 89 
19} ESPERSON 57| 866] 733] $20] 492] 467| 778 
20 BAYOU BLUE 0; 0 11] 30) 16} 15) Of Oo 
21} LAKE BARRE $3] 399] 1042/2671| 3146/1791 | 2950 
22) WHITECASTLE | 25] 290] 329] 197) 207 
23 

124 

25 

26 


MOSS BLUFF 010 12] 121] 38) S| 38 
CAILLOU ISL. 6 339]1355 |2872 


MY KAWA 21] 67] 108] 104] 156] 712 
LEESVILLE 161} 276] 370/4231/5012 


27|RABB'S RIDGE 7561422314938 |4215 |4132 
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UPPER FIGURE 1 
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LOWER‘ proo'n PER 
1937 1936 


2 
2 
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N_PER OPER'G YR PRIORI PROS DRILL-| DIS - 
36 | 1935 | CAP | SALT |PRODNIPECT'G. |FOUND| ED KOVER'D 

648] 943] 5 2 | 1924] 1924] 1926 | NASH - 

265| 375] § 1 | 1924] 1924] 1926 | ORCHARD 2 

1463) 2180] 15 2 | 1925| 1925] 1927 | FANNETTE 3 

= 1054} 1104] | 174 | 1926] 1927} 1927} FAUSSE POINT] 4 

20-7] 1228/2218 | 6 3 | 1925] 1925] 1927| STARKS 5 

78) 922] 1630] 13 2 | 1925] 1925] 1927] ALLEN 6 

12462 3200/3300] 2] 1 | 1926]. 1927| 1927| &.HACKBERRY| 7 

333) 1600] 3420| 4 2 | 1926] 1926| 1928 | SORRENTO 

3500} 4294| 14 | 172 | 1927] 1928] 1928 | SUGARLAND 9 

L823 2| 3 | i925| 1926] 1929} ROANOKE 10 

3328 3500] 3850] | 1926 | 1928] 1929}; PORT BARRE 

900) 1721| 6 1 | 1927] 1928] 1920} BLACK BAYOU | 12 

1 | 172 | 1928] 1929) 1929| PORT NECHES|13 

1725] | 172 | 1927] 1929] 1929] DOG LAKE 14 

GAS] $00] 1463] 172 | 1927] 1929] 1929) BAY ST. ELAINE) 

3532 7582| 2] 1 | 1927] 1928] 1929] HANKAMER 16 

1800] 2800] 1 172 | 1928] 1929] 1929] LAKE PELTO | 17 

88" 3260| 5430| 7 ! 1927] 1928| 1929] LOST LAKE 18 

230 7238| 1 | 172 | 1928] 1929] 1929] ESPERSON _ 

2500, 5 | 2 | 1926] 1927| 1929] BAYOU BLUE |20 

12 032 760| 852} 2 | 172 | 1920] 1929] 1929] LAKE BARRE {21 

1630] 2313] 3 | 1 | 1926] 1928] 1929] WHITECASTLE |22 

1170} | 2 | 1926] 1927/ 1929] MOSS BLUFF |23 

2970/4092 | 2 ! 1928] 1929} 1930/ CAILLOU ISL. [24 

7 1928] 1929] 1930] MYKAWA. 25 

2 1928 | 1930) 1931 | LEESVILLE 26 

1 | 72 | 1931] 1931] 1931} RABB'S RIDGE [27 


as 
i 
| 
| 


756/42 23/4938 |4215 |4132 
28) LK. WASHINGTON] © | 32] 153] 145] 363] 512 
29) CHOCTAW O | 103] 102] 318| 272 
30) MANVEL 77| 163] 2305 
31; 3371 /5312)7249 
32} CAMERON MDW.| 26] 48] 474/1046 
33) GUEYDAN O | O | 214] 163] 115] 87 
34, ARRIOLA 8] 105] 466] 409 
35) DARROW 010; 1] 0.5| 255 
36| SPURGER -| - - 
37; PLEDGER -| - 
38) LIVINGSTON 390] 727] 1002 
39)E . STRATTON 0; 0 12 
40| TOMBALL 252] 990/!1903 
4) |GAR WOOD 2} 
42| LOUISE 6] 179/420 
2] 175| 231 
DANBURY 120: 31 <0 
VLECK 01;0;0;0;0; 0; 0] 0 12] 22 
HERMITAGE] 0.5| 52 
1014|635 
48) SPLENDORA ? 
AQISAN FELIPE 4] 10 
SO|GILLIS O | 47/2172 
OCEAN 18] 96 
52) EUREKA 0} 0.1 5 
53;FOUR ISLE 1 21] 209 
DICKINSON 3} 303 
VANDERBILT 20 
56 | HASTINGS 621 
57) ANAHUAC 339 
58] LAFITTE 546 
59| SOUTH HOUSTON 68 
60) PICKETT RIDGE 6 
61 
B2iGARDEN ISL.BAY}; 0} 0 86 
63) TEPETATE 130 
—. BERNARD 
51ST. MARTINVILLE 29 
BO|CHENEYVILLE | 2 
7i TURTLE BAY x 
BIG LAKE x 
BAYOU MALLET 
TOTALS = | 5451|2346626367 5358] 3612/2170] 12, 
IALLONG POINT fe) 
CLEMENS 0]; Of O 
MA NAPOLEONVILLE; 0} O| O| O| O| O 
CHACAHOULA 010:1.0 1.01.0 1.0] 
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2100] 2500; 5 | 2 | 1926] 1927] 1929] BAYOU BL 

760| 2 | 172 | 1920] 1929| 1929] LAKE BARRE |21 
1630] 2313] 3 1926| 1928] 1929] WHITECASTLE [22 
8 | 2 | 1926| 1927] 1929} MOSS BLUFF {23 
2970/4092 1928] 1929] 1930| CAILLOU ISL. 
7 1928] 1929] 1930| MYKAWA. 2§ 
2] 1 | t928] 1930] 1931] LEESVILLE 26 
1 | | 1931] 1931] 1931] RABB'S RIDGE |27 
1205) 950] 1750 4 | 2 | 1928] 1929] 1931 | LK. WASHINGTONI28 
650| | 2 | 1926] 1929] 1931 | CHOCTAW 29 
2 1 | 1929] 1930] 1931 | MANVEL 30 
1 | t929 | 1930] 1931 | 31 
9318} 2 1 | 1929] 1930) 1931 | CAMERON MDWS/|32 
— 5046| 4 2 | 1930| 1930] 1932 | GUEYDAN 33 
4106] | 174 | 1925] 1932] 1932 | ARRIOLA 34 
a4828| 6025] 2 | 4 | 1927] 1929] 1932 | DARROW 35 
aa 172 | 1932] 1932] 1932 | SPURGER 36 
1 | | 1929] 1932] 1932 | PLEDGER 37 
2 | 174 | 1932] 1932] 1932] LIVINGSTON 
2324| 2670} 2] 2 | 1930| 1930] 1933|€. STRATTON {39 
218s 2 | 74 | 1932] 1933] 1933) TOMBALL 40 
CaS 14 | 1929] 1932} 1933 | GARWOOD 4) 
1423 1 | 1932] 1933] LOUISE 42 
408 1 | | | 1933] 1933 | CLEVELAND {43 
52 s220| 5 | 5 | t929| 1933| 1934 | DANBURY 44 
8 3 | 1925] 1926] 1934| VAN VLECK {45 
223 1 | 174 | 1928 | 1934] 1934 | LK. HERMITAGE |46 
174 | 1933 | 1933] 1934 | BOSCO 47 
1 | 172 | 1933 | 1933] 1934 | SPLENDORA |48 
3218] 4780] 6 | 1927 | 1928] 1934] SAN FELIPE 
=7¥) 3 1 | 1932 | 1933] 1934 | GILLIS 50 
Lis | 1927] 1934] 1934] OLD OCEAN 
; ‘ 6 | 1929 | 1929] 1934 | EUREKA 50 
550] 1370] 8 6 | 1927] 1929] 1934] FOUR ISLE 33 
6 7 1928] 1928] 1934 | DICKINSON 54 
2] 172 | 1933] 1934) 1934] VANDERBILT [55 
172 | 1934] 1934| 1934 | HASTINGS 56) 
333 174 | 1934] 1934] 1935 | ANAHUAC 57 
546 t 174 | 1934] 1935| 1935 | LAFITTE 58 
4682| | 176 | 1934 | 1935/1935 | SO. HOUSTON |59 
172 | 1934 | 1935 | 1935 | PICKETT RIDGE] 60 
1934 | 1934] 1935 | MAURITZ 
2 17 7 | 1928 | 1928] 1935°} GARDEN ISL.BAY| 62 
1 172 | 1935 | 1935] 1935 | TEPETATE 63 
I 172 | 1934 | 1935] 1935 | E. BERNARD 64 
= a | 7 | 1929 | 1920] 1935 | ST MARTINVILLE | 65 
1 1/74 | 1935 | 1935] 1935 | CHENEYVILLE |66 
1 1712] 1935 | 1935] 1935 | TURTLE BAY 67 
! 172 | 1935 | 1935] 1935 | BIG LAKE 68 

1 174 | 1935 | 1935] 1936 | BAYOU MALLET 
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Since the dates used on Fig. 1 are not infrequently those corre- 
sponding to the discovery of oil, the actual rate of finding (by geo- 
physics) was higher. The peak in 1929 was the result of very high 
rates of finding (geophysically) in 1927 and 1928, due to the very suc- 
cessful campaign of exploration (by the refraction seismograph) in 
the marshes, bays and lakes of South Louisiana, which was initiated 
by the discovery of the Calcasieu Lake dome by the Geophysical Re- 
search Corporation for the Louisiana Land and Exploration Company 
in 1927. 

Obviously, the introduction of geophysical exploration in the Gulf 
Coast changed the discovery of an oil field from an event to an occur- 


rence. 


2. The Relative Difficulty of Establishing Production 


In Figs. 2 and 3, the two groups of oil fields are presented with 
a time scale other than chronological. Here the year first drilled (for 
a non-geophysical or geophysical reason) has been used to initiate the 
“development years.” On this basis, a warped time axis can be im- 
agined, so that the two groups would have started off together, but 
still competing, as they did, only against time. Attention is again 
called to the fact that the development for oil only is considered, so 
that some of the older non-geophysical domes show up as relatively 
recent additions to the list (Sulphur and Jefferson Island).? 
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2 The initiation of development for oil has, in some instances, been decided not too 
arbitrarily, as in the case of these two domes. 
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From this data, it is possible to compare the two groups from the 
standpoint of Fig. 4, where the percentage of domes not yet producing 
is shown plotted against the development years. Obviously, the geo- 
physically discovered domes were not only discovered at a greater 
rate, but also came into production in a shorter period of time. Thus, 
at the end of twenty-one development years, there were about one- 
third of the non-geophysically discovered fields still non-productive, 
whereas that same figure was reached for the geophysically discovered 
fields in about three development years. 
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Fig. 5 shows the frequency distribution of the number of wells 
required for the initial production. The actual case, of course, is not 
as simple as these figures show. Thus, although Goose Creek, Orange, 
Splendora and Fausse Point all produced on the first or second well 
drilled, still, many succeeding wells were dry and abandoned. The 
conclusion is justified, however, that production, as a general rule, has 
been easier to establish on the geophysically predicted domes than on 
the non-geophysically predicted domes. 
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3. The Rate of Production (from the two classes) 


It is possible that while domes might be found more quickly and 
brought into production sooner, yet the available amount of oil might 
be materially less for the geophysically predicted domes than for the 
non-geophysically predicted domes. Such a situation would confirm 
the earlier mentioned hypothesis that the apparent absence of surface 
indications in the case of the geophysically discovered domes was an 
ominous prediction as to their ultimate production. 

However, the reverse seems to be true. In Fig. 6, the annual 
production for the two classes has been plotted from data presented 
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in Figs. 7 and 8. The first point of interest is that in 1935, for the 
first time, the production for the geophysically discovered fields 
passed that for the non-geophysically discovered fields. As it is, only 
the arbitrary classification of Conroe as a non-geophysical field pre- 
vented this from taking place in 1933. Nevertheless, the time re- 
quired for the geophysically predicted domes to establish that amount 
of production (exceeded only once by the n<n-geophysically predicted 
domes) is surprisingly short, and yet much of this production was 
established under some sort of proration and generally as a result of 
non-competitive drilling. 

The production curve for the non-geophysical fields is quite ir- 
regular, showing marked variations from year to year. Thus from 1930 
through 1933 there was a drop to less than 35 million barrels per year 
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in 1932, with a recovery to something more than the 1930 figure in 
1933. On the other hand, the geophysical domes have to date shown 
not only no decrease, but have established a production increase for 
which there is no equivalent in the non-geophysical class. 

In order to show the reasons for the increases in annual production, 
the names of those domes have been lettered in which were primarily 
responsible for the increases. For a further comparison, however, the 
three largest increases (in the thirty-five years available) in the non- 
geophysical class are compared with the two largest increases (in the 
ten years available) in the geophysical class. A detailed comparison 
is shown in the following Table I. 


TABLE I 
Non-GEOPHYSICAL 


Cause 

1903 + 9,984,000 bbls. Sour Lake + 8,804,000 bbls. 

1926 +10,226,000 “ Spindletop (deep) +12,950,000 “ 

1932 +16,035,000 “ Conroe +18,787,000 “ 

GEOPHYSICAL 

1934 + 9,573,000 bbls. Leesville + 3,861,000 bbls. 
Towa + 1,941,000 “ 
Bosco + 1,014,000 “ 

6,816,000 

1935 +15,927,000 bbls. Roanoke + 889,000 “ 
Leesville + 1,000,000 “ 
Iowa + 1,506,000 “ 
Tom Ball + 857,000 “ 
Bosco + 5,544,000 


Gillis-English Bayou+1,114,000 


10,910,000 

Note: In 1931 the production from non-geophysically predicted domes declined 
12,067,000 barrels, an increment exceeded in magnitude only by the increase in the 
year 1933, Of 16,035,000 barrels. 

The large positive increments in the non-geophysical class were 
due in each case to the appearance of enough new production in the 
case of individual fields to more than offset the regular decline of the 
others. In the geophysical class, however, the comparable, although 
more frequent, positive increments, are built up from the increased 
production of several fields, brought in under some sort of proration 
and generally in the absence of competitive development. 


4. The Question of Reserves 


Confirmation by the drill is lagging about one to two years behind 
the geophysical evaluations. The rate of discovery of oil fields pre- 
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dicted by geophysics has averaged seven per year from 1926 through 
1935, over a period of ten years. At present there are enough untested 
geophysical structures recognized so that this average will be at least 
maintained for certainly two and possibly more years. However, the 
question remains, how fast will the geophysical predictions of struc- 
ture be made in the succeeding years, or, how many apples are left 
in the barrel? 

The present is a rather difficult time to make such a prediction. A 
similar situation existed in the pre-geophysical days when first Welsh, 
then Goose Creek, Edgerly, Orange and Houma were found. These 
were freaks, and were quite frequently referred to as “‘non-salt dome”’ 
oil fields. Again, as fewer and fewer gravity maxima were found, more 
and more gravity minima were recognized, culminating in the dis- 
covery of oil at Sugarland and the recognition of another objective. 
As fewer and fewer shallow domes were found by the refraction seis- 
mograph, minor anomalies were given more and more attention, and a 
new exploration method, the reflection seismograph, was introduced 
for better study of these minor anomalies, which culminated in the 
discovery of oil at Iowa, and the general tieback to Goose Creek, 
Orange, and Welsh. 

Now, however, as the Iowa type of structure is found less readily, 
the importance of another type of structure has been thrust upon us 
by the discovery of oil at the Tepetate area in Acadia Parish, Louisi- 
ana. The importance of such an anomaly (characterized by production 
on regionally low wells) had already been suggested at Louise, Old 
Ocean and Eureka. As a result, the search for the Tepetate type of 
structure is just getting under way, so that the number of apples left 
in the barrel is, just as before, indeterminate. 


CONCLUSIONS 


We conclude that, in the Gulf Coast, the geophysical methods of 
exploration served a definite purpose. The results to date are: 

1. A marked increase in the rate of discovery of oil fields (from 
1.2 tO 7.0 per year). 

2. These oil fields were proved not only with a marked decrease 
in the time of development, but also with materially fewer exploratory 
wells. 

3. The relative accuracy of the geophysical predictions resulted in 
material strides towards unit ownership, and the reduction of com- 
petitive drilling. 
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4. The combination of these three factors, in spite of material 
proration, and in the relative absence of competitive development, 
has resulted in a steady increase in the amount of oil produced from 
geophysically-predicted structures. The production from the fields yet 
to be confirmed by the drill can be expected not only to compensate 
for the material decline in the (generally) older fields in the non-geo- 
physical class, but should be enough to increase the present yearly 
production by nearly 15,000,000 bbls. per year for the next three to 
five years. 

5. At that time, the production from this class of domes should 
comprise about 75 per cent of the total Gulf Coast production, and, 
since in general it will be ‘‘critically produced,’ should show a much 
smaller rate of decline than was characteristic of the non-geophysi- 
cally predicted fields. 

6. There is a good reason to believe that the total number of fields 
in the Gulf Coast will probably be much closer to the total number of 
gravity minima recognized than to the present number of producing 
fields. 

7. Therefore, the amount of oil produced to date in the Gulf Coast 
is certainly not an adequate criterion for an estimate of the amount 
of oil which can be produced from the same territory by modern meth- 
ods of exploration and exploitation. 

8. Because of the relative accuracy of geophysical prediction, and 
the resulting strides towards unit ownership, the expectation is that a 
shortage of oil is less to be feared than is a shortage of oil fields. 


3 “The critical production of a field is the maximum rate which will give the great- 
est ultimate recovery at the lowest cost—the maximum rate which will not shorten 
the economic flowing life of the field and will not cause too great underground loss of 
oil by rapid exhaustion of the dissolved gas and by causing premature intrusion of 
water into the sand.” 4.4.P.G. Bulletin, January, 1936, “‘Probable Petroleum Shortage 
in the United States and Methods for its Alleviation,” L. C. Snider and B. T. Brooks. 
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THE GEOPHYSICS OF THE TOMBALL OIL FIELD 
HARRIS COUNTY, TEXAS 


J. BRIAN EBY! 


The geophysical and drilling discovery of the Tomball oil field, 
Harris County, Texas, marks one of the important mile-posts in the 
course of Gulf Coast geophysics. The success of Tomball arrived at 
that troublesome period when refraction seismographs were on the 
way out, and reflection seismographs were dubiously bidding for en- 
trance, when Gulf Coast geologists and geophysicists were sorely 
stressed to change their ideas, their tools and technique to meet the 
challenge of existing indeterminative, ‘‘marginal” geophysical pros- 
pects, and when an oil field discovery on this new type of geophysical 
prediction was needed to reéstablish confidence and insure cooperation 
on the part of management. 

The Tomball discovery is also notable in being the first geophysi- 
cal prospect to be admitted to oil field rank before the discovery well 
was drilled into sand. For a period of years the Tomball geophysical 
picture was classified as not much better than poor to fair. Salt was 
not indicated except by the existence of a gravity minimum. While 
the qualities of the picture were being discussed, the famous Conroe 
oil field discovery was made December 13, 1931. Since it was cur- 
rently believed that the Tomball gravity picture was a better one 
than that at Conroe, obviously Tomball rose from the rank of an in- 
different prospect to that of a first class prospect, and took on oil 
field status as soon as the relief and areal extent were shown by the re- 
sults of surveys by the reflection seismograph. 

It will be recalled that before the Kobs No. 1 discovery oil well 
drilled into the oil sand the probable existence of an oil field was so 
widely recognized that upon application by the lease owners the po- 
tential field was provided a spacing program by the Texas Railroad 
Commission in Austin. Naturally this supreme confidence was in- 
spired not only by the geophysics of the structure but by the fact that 
both the first well, Wm. Martens No. 1, later abandoned as dry, and 
the Kobs well were definitely geologically high. 

The discovery of Tomball is given credit largely to torsion balance, 
although the picture was checked both by refraction seismograph and 


1 Geologist, 1805 Sterling Bldg., Houston, Texas. 
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reflection seismograph prior to drilling. The torsion balance map, the 
original refraction and isotime maps and a reflection seismograph map 
are included in this paper. The relation of these various geophysical 
pictures to the present drilling outline is shown in all cases. 
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In line with the proposed policy of the Editors of Geophysics to 
present, from time to time, the geophysical data leading to oil field 
discoveries, the entire early geophysical picture of the Tomball oil 
field, Harris County, Texas, is herewith presented. 

All of the data used in this paper have been contributed by the 
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officials of the various companies owning the same. The original dis- 
covery was made by the Vacuum Oil Company, later merged with the 
Magnolia Petroleum Company. The torsion balance gradient map and 
the refraction seismograph maps are given by courtesy of the Mag- 
nolia Petroleum Company. The reflection seismograph map, made by 
the Independent Exploration Company for the Standard Oil Com- 
pany of Kansas, is given with the permission of the officials of both 
of these companies. Since the field is operated now largely by the 
Humble Oil & Refining Company, the consent of this company to the 
use of the data was also given. The permission to use these various 
maps is gratefully acknowledged. 


LOCATION AND CHARACTER OF FIELD 


The Tomball oil field lies in northwest Harris County about 35 
miles northwesterly of the city of Houston. The townsite of the village 
of Tomball is now included in the eastward extension of the field. The 
development map of the field as of November 25, 1935, is shown by 
Fig. 1, which shows the outline of the producing area, the location 
and number of producing wells, gas wells and dry holes. (The ‘outline 
of the producing area”’ is not a structural contour but merely a line 
enclosing all producing wells as of the given date. 

Due to the thin oil zone between the gas and the water the Tomball 
oil field is not classed as a number one coastal oil field. The general 
public conception, however, probably places it in a lower rank than 
it justly deserves. Up to November 25, 1935, it had produced 2,750,000 
barrels of oil, from 200 wells, or an average to date of 13,750 per well. 
The oil ranges from 38.0 to 40.5 gravity. In addition to the 200 pro- 
ducers the field has 50 gassers and 50 dry holes and covers about 
13,000 acres of which 8,000 have so far proven commercially produc- 
tive. 

TOPOGRAPHY AND GEOLOGICAL FEATURES 


Since this paper is concerned mainly with the geophysical discov- 
ery of the field, only brief mention will be made of its topographic and 
geological features. The northern two-thirds of the field occurs in low 
rolling but ridge like hills forming what might be called the eastward 
extension of the Hockley scarp. One more or less isolated hill known 
as Kobs Hill in the southwest portion of the field was long thought to 
have some structural significance, although it now seems reasonably 
certain that it has no pertinent relationship to structure. 
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The surface formations are mapped by the new United States Ge- 
ological Survey map of Texas as undifferentiated Lissie-Reynosa. Ina 
well prepared paper on the “‘Post-Fleming of Texas and Louisiana,” 
in Volume 19, No. 5, May 1935, Bulletin of the American Association 
of Petroleum Geologists, John Doering names and describes the Willis 
formation and places the Tomball oil field within its outcrop. It is of 
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interest to point out from Doering’s maps, especially Fig. 2 and 
Fig. 5 of his paper, that he has indicated from 50 to 80 feet of nosing 
of the surface formations in the vicinity of the Tomball oil field, es- 
pecially since this work was done prior to the drilling discovery of the 
field and Doering’s knowledge of the geophysics of the area. 

There are five or six producing sands of the Cockfield formation of 
the Upper Claiborne that are furnishing the oil at Tomball. The sub- 
surface producing closure is 300 feet, of which the uppermost 280 feet 
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is gas zone and the lowermost 20 feet is oil zone. The highest Cock- 
field in the field is minus 4,886 and the water level on the producing 
Cockfield sands is about minus 5,390. 

The total uplift regionally in the subsurface is from six to eight 
hundred feet. The structure is generally conceded to be of salt dome 
origin, that is, having a salt core at depth. Salt, however, has not yet 
been encountered in any well in the field. The associated gravity mini- 
mum suggests salt at great depth but the refraction seismograph fails 
to disclose any salt speeds to a depth of at least 6,000 feet. These facts 
should be borne in mind in considering the geophysical data that fol- 
lows. 

TORSION BALANCE 

The torsion balance gradient map of the Tomball field? is given in 
Fig. 2. The Vacuum Oil Company’s torsion balance crew, under di- 
rect charge of L. H. Williams and supervision of Henry Cortes, is 
credited with finding the first indications of the structure at Tomball 
while working nine miles southeast of Tomball in March 1929. Strong 
south gradients were detected and additional work was immediately 
carried out to the north to determine the reason. In June 1929, the 
accompanying geodetic picture, Fig. 2, was completed. The prospect 
was known at that time as Rose Hill prospect. 

The Tomball gravity picture, similar to other structures along the 
Conroe trend, is characterized by weak closure along the strike namely 
in a northeast and southwest direction. There is excellent closure, 
however, both with and against the regional dip. 

The original Tomball gravity picture was obscure mainly because 
the large size of the structural feature. Up to this time (1931) the 
largest known gulf coast structure was Boling Dome, which for sev- 
eral years offered confusing geophysical data because of the failure 
to appreciate its great size (six miles long by three miles wide). The 
early situation (prior to the discovery of oil at Conroe) was much the 
same at Tomball. So large is the structure that sufficient area was not 
investigated by any one company prior to the Vacuum to define the 
limits of the uplift. Even then it took the Conroe discovery to spur 
immediate drilling. 


REFRACTION SEISMOGRAPH 
Following the torsion balance work, the first refraction seis- 
mograph investigations were made from November 4, 1929 to De- 


2 Previously published as Fig. 15 in Bulletin of the American Association of 
Petroleum Geologists, Vol. 19, No. 3, p. 373, March 1935. 
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cember 30, 1929, for the Vacuum Oil Company by a crew under party 
chief Sam H. Stuart of the Geophysical Research Corporation. This 
seismograph survey established beyond doubt the presence of a dome- 
like uplift in the vicinity of Tomball, but at no time were salt speeds 
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found. The acceleration map of this investigation is shown by Fig. 3. 
From this map it can be seen that accelerations were found in all di- 
rections over the (present) field ranging from five hundredths of a 
second to a maximum of thirteen hundredths of a second on lines 
approximately 6 to 7 miles in length. By placing the outline of the 
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present producing area on this early seismograph map it can be seen 
that the domal area suggested by the refraction work agrees with re- 
markable accuracy with the producing area. 

Up to this time (1930) Boling had been recognized as the largest 
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(areally) known salt dome, and very few other domes approached 
Boling in area. Therefore, the even vaster proportions of the gravity 
and refraction anomaly recognized at Tomball suggested a freak, and 
so was viewed with suspicion. In an effort to better interpret the re- 
fraction anomaly, an iso (anomalous) time map was compiled. This 
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was a contour made up by determining the anomalous times (leads 
or retardations relative to the normal travel times) associated with 
different parts of the prospect. By this means a general area of higher 
speed beds can be made to stand out like a structural contoured map. 
This investigation was suggested by E. E. Rosaire, and was done by 
H. B. Peacock, also of the Geophysical Research Corporation, for the 
Vacuum Oil Company, and is shown in Fig. 4. 

It will be noted from this map that the center of the high as indi- 
cated by these isotime lines lies northerly of the present producing 
area. 

As a result of five years additional experience along the Conroe 
trend it is now possible to explain the displacement of this picture 
from the actual uplift. It has been found as a matter of experience 
that in a general northeast southwest direction and northerly from 
the vicinity of the Hockley scarp all seismic speeds from five to seven 
mile lengths average normally from 11,500 feet per second to 12,000 
feet per second. Southeastwardly from the Hockley scarp trend the 
normal speed of seven mile shots ranges from 9,000 to 9,500 feet per 
second. Since this change of speed occurs exactly at the vicinity of 
the Tomball oil field it is readily apparent why the refraction picture, 
especially the isotime interpretation, would place the apparent struc- 
ture northward of its actual occurrence. 

Additional refraction work was carried out during the months of 
July and August 1930, which confirmed the earlier investigations. 


REFLECTION SEISMOGRAPH 


The first reflection seismograph investigation at Tomball was 
carried out September and October 1930 by a crew under Sam H. 
Stuart of the Geophysical Research Corporation. This survey was not 
completed, primarily because the very low angle dips observed did 
not indicate the existence of an “Iowa type” structure, the type just 
then coming into favor. At that time the possibility of correlating 
was considered remote, and the large charges of explosives required 
in this early reflection work in the Lissie resulted in what all agreed 
were excessive costs. Enough abnormality was obtained, however, to 
strongly suggest the presence of an uplift. 

Late in the following two years, the prospect was then reflected 
successively by. Humble Oil & Refining Company, by the Independent 
Exploration Company for the Standard of Kansas, and by the Geo- 
physical Research Corporation for the Amerada and Stanolind com- 
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panies. The reflection picture made by the Independent Exploration 
Company is given in Fig. 5. This reflection picture, completed 
shortly before the drilling of the discovery wells, namely, Magnolia 
Petroleum Company’s Wm. Martens No. 1 and the J.F.W. Kobs 
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No. 1, shows a remarkably accurate forecast of the domal area. As 
will be noted, the reflection closure is approximately 300 feet, which 
agrees almost exactly with the subsurface closure as mentioned 
earlier in the article. 
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CONCLUSION 


In spite of the fact that two or three shallow test wells were drilled 
several years before the field was brought in, the actual discovery of 
Tomball is considered an unqualified geophysical find. Recommenda- 
tions for drilling the first deep hole on the prospect were made the 
latter part of the year of 1932, and the Wm, Martens well was located 
January 1933. Before the completion of this well, the Kobs location 
was recomended and there drilling had commenced in March 1933. 

The fact that the Martens’ well ran unusually high confirmed the 
presence of structure, and the finding of oil in the Kobs well, of course, 
confirmed the presence of the oil field. 

The author wishes to take this means of thanking the various 
companies and officials responsible for permitting this data to be 
used. It is hoped that other similar geophysical Gulf Coast and Mid- 
Continent discoveries may be given as the data becomes available 
and opportunity permits its publication. 


DISCUSSION 
L. W. MacNAUGHTON! 


The outline of the producing area which has been superimposed 
on the reflection seismograph survey contour map, does not coincide 
with the outline of the Tomball structure. This is due to the fact 
that the upper or Kobs sand becomes so tight and argillaceous at the 
north end of the structure that it can not produce oil. Thus, the out- 
line of production follows a structural contour around Tomball field 
rather closely except at the north end. At this end, the structure con- 
tinues further north and resembles very closely the reflection seismo- 
graph picture. These remarks have been made so one may appreciate 
how remarkably well reflection geophysical surveying outlined the 
Tomball structure. 


1 Geologist, Amerada Petroleum Corporation, Houston, Texas. 
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REGIONAL GEOPHYSICAL ACTIVITIES FOR 1935 


Epitor’s Note: At the 1935 Annual Meeting, regional activity reports were first 
presented before the Society. Because of the extreme variation in the materials included in 
these reports none were published in the following issue of this Journal, July 1935. How- 
ever, the inauguration of a Mid-Year Meeting, on November 29, 1935, gave another chance 
to present similar reports, even though somewhat premature. Since these reports for 1935 
were materially more uniform than those for 1934, they are presented to this Society in this 
issue. The Editor suggests that these reports be made an annual feature, and feels sure that 
the publication of ihe 1935 reports will stimulate progress towards more uniform and more 
satisfactory reports of future activities. 


Rocky MovuntTAIN REGION 


The following is an estimate of the amount and results of geophysical work in the 
Rocky Mountain region up until the end of November 1935. 


ARIZONA 


Some geophysical work on ore deposits has been carried on but none for oil has 


yet been reported. 
COLORADO 


The present year has been the most active geophysical year in Colorado’s history. 

Three magnetometer parties have been operating and it is estimated that a total 
of 15.5 crew months of work has been done between the commencement of the work 
and the end of November. This does not include magnetic work done on placer de- 
posits. 

No electrical prospecting for oil was reported during the year although some elec- 
trical work has been done in search for ore deposits. 

No torsion balance work has been reported. 

A large amount of seismograph work has been done with 14 different crews operat- 
ing in the area. Nearly all of the work was by the reflection method although one crew 
employed refraction methods a part of the time. The climate of the area favors work 
in the summer so that it is not surprising to see 2 crew months of seismograph work in 
January, 10.3 crew months in July, the busiest month, with a decline to an estimated 
6.6 crew months for November. A total 64.4 crew months of seismograph work was 
done to the end of November 1935 of which 38.9 were by company operated crews and 
25.5 by contract crews. 

No drilling was done on geophysical prospects during 1935 but several are ex- 
pected to start in the near future. 

It is expected that 1936 will see an even larger amount of work in Colorado than 
in 1935. 

IDAHO 


No geophysical explorations for oil in Idaho have been reported in 1935. 
MONTANA 


The only geophysical exploration for oil in Montana and that has been reported 
was 2.7 crew months of seismograph work in eastern Montana from March to May. 
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One well is now drilling on the Baker-Glendive anticline at a location based on 
detail survey by reflection seismograph. Additional work in Montana may be expected 
during 1936. 

NEVADA 
No geophysical exploration for oil in Nevada has been reported in 1935. 


NORTH DAKOTA 


No extensive geophysical exploration for oil in North Dakota has been reported 
in 1935. A few reflection seismograph shot points were occupied in extreme western 
North Dakota incident to a survey in eastern Montana. Some exploration may be ex- 
pected in 1936. 

SOUTH DAKOTA 

No geophysical exploration for oil in South Dakota has been reported in 1935 al- 

though some may be expected in 1936. 


UTAH 


No extensive geophysical exploration for oil was made in Utah during 1935. Ap- 
proximately 0.7 crew months of experimental seismograph work was done by one 
company in April. One magnetic party has been busy most of the year in surveying 
magnetic iron ore deposits for one of the steel companies and a limited amount of 
electrical prospecting for ore deposits has been done. 

One well is now drilling near Cisco, Utah on a shore-line prospect investigated by 
seismic and magnetic methods during 1933 and 1934. 


WYOMING 

Wyoming has been fairly active during 1935 and additional activity may be ex- 
pected during 1936. 

No magnetometer work has been reported but one torsion balance crew completed 
approximately 2.0 crew months of work during September, October and November. 

A total of 7 seismograph crews operated in the state during 1935 until the end of 
November. As with Colorado, climate favors maximum work in summer. One crew 
month of seismograph work was done in January 1935, 5.5 crew months in September, 
he busiest month, and it is estimated that 3.0 crew months of work has been done in 
November 1935. It is expected that 1936 will be very active. 

The Argo well on O’Brien Springs, Carbon County, and the Ohio well on the Big 
Hollow structure, Albany County, were completed as dry holes on previously known 
structures on which some seismograph work had been done. Additional drilling may 
be done on these structures. One well is now drilling in an old oil field to test deeper 
horizons, the location having been selected after a limited amount of seismograph work 
had been done. 

SUMMARY 

It will be noted from the tabulation at the end of this report that 92.6 crew months 
of seismograph work were done in 1935 of which 41.6 were by company operated crews 
and 51.0 by contract crews. 

In addition 15.5 crew months of magnetic work and 2.0 crew months of torsion 


balance work were done. 
1936 should see considerably more work done than was accomplished in 1935. 
Joun H. WILsSon 
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SUMMARY OF SEISMOGRAPH WORK 1935 


W yoming 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 


Totals to December 1, 1935 
Total both 


Colorado 
January 
February 
March 
April 
May 
June 
July 
August 
September 
October 
November 
December 


Totals to December 1, 1935 


Total both 


Utah 
April 


Total both to December 1, 1935 


Montana 
March 
April 
May 


Total to December 1, 1935 
Total both 


Total 4 states to December 1, 1935 


Total both 


The following tabulation illustrates the increased exploration by the reflection 
seismograph during the year. 


Company Operated Contract Work 
0.0 1.0 
0.0 0.0 
0.0 0.0 
0.0 0.0 
0.0 0.3 
0.0 1.8 
0.0 307 
1.0 4-5 
0.7 4-5 
0.0 3-0 

24.8 
1.0 0.0 
0.7 
2.0 0.0 
2.0 0.9 
2.0 
5-0 3.0 
6.0 4-3 
5-0 
5-0 4.0 
3.8 4.1 
4-3 2.3 
38.9 
64.4 
0.0 
0.0 1.0 
0.0 1.0 
0.0 0.7 
0.0 
41.6 51.0 
92.6 


CALIFORNIA 
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January July December 
Contract crews 8 II II 
Company owned crews 7 9 10 
Total 15 20 21 


In July there was one electrical crew operating, while at the end of the year there 
were three. 
No torsion balance or magnetometer exploration has been reported during the year. 
Four gas fields were discovered during the year, Tracy (T. 2S., R. 5 E.), Trico 
(T. 25, S., R. 23 E.), Semi-Tropic (T. 27 S., R. 23 E.), and Chowchilla (T. 10 S., R. 
1452). 
E. McDermott 


NORTH LOUISIANA AND SOUTH ARKANSAS 


A. Activity North Louisiana South Arkansas 
1. Parties operating first of year I 3 
2. Parties operating July 4 2 
3. Parties operating end of year 12 7 
4. Increase from 3to07 


5. Considerable increase in interest in both areas 


B. Results 

1. Discovery of new Simmsboro field with completion of gas well making 71,000,000 
cubic feet initial open flow. Geophysical surveys of area made during spring and 
summer of 1935. 
Extension to the Rodessa area. Geophysical surveys carried on throughout entire 
year. 


2. No failures recorded. 
E. L. Caster 


WEST TEXAS AND SOUTHEASTERN NEW MEXICO 


There has been continued geophysical activity in West Texas and Southeastern 
New Mexico throughout thé year. One might say the center of activity has been South- 
ern Lea County, New Mexico, and the adjoining counties in Texas, namely: Winkler, 
Andrews, Gaines and Yoakum. Fully 75 or 80 per cent of the geophysical work reported 
was done in this area. Other work was reported in the lower counties of the Permian 
Basin: Ector, Crane, Midland, Upton, Glasscock and Reagan. Some of the other Texas 
counties to the north, i.e. Dawson, Terry, Scurry, Cochran, Hockley and Bailey, wit- 
nessed a small share of the activity. 

The major portion of the geophysical work in the West Texas and New Mexico 
area was done by the seismic method. Both the reflection and refraction methods were 
employed, but at this writing there is no available data as to the relative amounts 
done by each method. It seems, however, that the reflection method was favored by 
most companies. 

A limited number of torsion balance crews were in operation in the area the entire 
year. There was also some magnetic work. One electrical crew was reported in operation | 
for several months. 

The greater part of the geophysical work was done by or for the major oil com- 
panies, using both company-owned and contract crews. 
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The following table shows the companies and individuals which were reported as 
having operated in the West Texas and Southeastern New Mexico area during 1935, 
and the methods employed by them. 


Seismograph Torsion Balance Magnetometer Electrical 
Amerada Atlantic Atlantic Amerada 
California Barrett Barrett 
Continental Continental Humble 
Franklin, Wirt Humble Gulf 
Humble Stanolind 
Magnolia 
Mid-Continent 
Pure 
Sinclair 
Shell 
Skelly 
Stanolind 
Texas 


Contract work was done by the following companies: 


1932: 


1933: 


1934: 


1935: 


American Seismograph Company 
Geophysical Research Corporation 
Geophysical Service, Inc. 
Independent Exploration Company 
Petty Geophysical & Engineering Co. 
Western Geophysical Company 
H. G. Patrick 


MISSISSIPPI, ALABAMA, AND FLORIDA 


Alabama, Mobile County. About one month reflection seismograph exploration, 
checking previous magnetometer survey. 

Alabama, Washington County. One torsion balance crew, about one month. 

Florida, Santa Rosa County. 

Alabama, Escambia County. Magnetometer survey, about two months. 

Florida, Pensacola Area. Electro Geometer survey along highways in eleven 
counties and six adjoining counties in Alabama. First four months of year. 

Florida, Central Portion. Reflection seismograph exploration on and around 
Ocala Uplift, last two months 1933 and first three months of 1934. Also, five 
weeks magnetometer exploration same area. 

Alabama, Washington County. About three months’ exploration by the re- 

flection seismograph. 

Alabama, Washington and Sharkey Counties. About one month’s exploration 
by torsion balance. 

Jackson, Monroe, Baldwin, Clark and adjoining counties. Several months’ ex- 
ploration by the magnetometer. 

Mississippi, Pearl River, George, Jackson and Stone Counties. Magnetometer 
survey, several months. Pendulum survey, several months. Refraction Seis- 
mograph exploration, one to two months. 

Pearl River County. Reflection Seismograph exploration, about two months. 


J. Brian Esy 
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SOUTH TEXAS 


The South Texas territory covered by this report is bounded to the southwest by 
the Rio Grande Valley, to the east by the Gulf of Mexico, to the southeast by a line from 
Port Lavaca to Gonzales, and to the north by a line from Gonzales to Eagle Pass. It 
covers thirty-two counties, in five of which (Bexar, LaSalle, Medina, Wilson and 
Zavalla) no geophysical activities were reported during 1935. 

During the first weeks of January a total of fifteen company-owned geophysical 
parties and six contract parties were operating in South Texas. Of these twenty-one 
parties, thirteen were torsion balance, four were reflection seismograph, and the 
balance, magnetometer and gravity meter parties. The torsion balance parties consisted 
of two to six instruments each. During January, February, March and April there was 
a steady increase of geophysical activities and by the middle of April a maximum of 
eleven contract parties were at work. Most of this increase was due to new contract 
reflection seismograph crews moving into the area. During the summer the contract 
work was fairly steady with a tendency to decrease during the months of September, 
October and November. During the first weeks of November six contract parties were 
reported working in the territory. In December there was again an increase of geophysi- 
cal activity and nine contract parties were working in the area. 

The majority of the company-owned parties were torsion balance crews. Due to an 
increase of torsion balance work in the first part of the year a maximum of seventeen 
company-owned parties was reported in July and August. A total of twenty-seven geo- 
physical parties was reported during this period in South Texas. This was the greatest 
number of parties working in this area at any period of the year. In September the 
number of company-owned torsion balance parties decreased and during the latter part 
of December a total of eleven company-owned geophysical parties was reported, which 
with the nine contract parties, makes a total of twenty geophysical parties. 

During 1934 total of twenty new oil and gas pools were discovered in South Texas 
and in 1935 eighteen new pools were located. In 1935 six new pools became productive 
in Bee and Live Oak Counties (Foley, Plummer and Rutledge in Bee County and Ft. 
Merrill, N. Lucas and N. McNeill in Live Oak County). This stimulated interest in 
Pettus San production, and although these discoveries are probably credited to “trend 
play,” they nevertheless stimulated geophysical activities in these two counties. 

The most outstanding geophysical discovery in South Texas during 1935 has been 
the discovery of the Mercedes structure in Hidalgo County. This structure, which pro- 
duces from the Frio, was found by a detailed reflection seismograph survey by the Mc- 
Collum Exploration Company. The discovery of the new Mestinas pool is also credited 
to the same company. These new developments, together with the growing importance 
of the Sam Fordyce Field, are in part the reason for the great amount of geophysical 
work carried out in the Valley during the latter part of 1934 and the first part of 1935. 
The Sun Oil Company was particularly active in this area, supplementing their recon- 
naissance torsion balance surveys which were started in 1934, with reflection seismo- 
graph and magnetometer work. 

The discovery of the Placedo pool in Victoria County is credited to a reflection 
seismograph survey made in 1935 ona geologically favorable prospect. 

The new Driscoll discovery well in Nueces County was located on subsurface evi- 
dence, although it has been reported that a favorable torsion balance picture first drew 
attention to this area, 


REGIONAL GEOPHYSICAL ACTIVITIES FOR 1935 165 


The Southwest Pearsall pool in Frio County resulted from an extensive reflection 
seismograph exploration by the Geophysical Research Corporation for the Amerada 
Petroleum Corporation and Rycade Oil Corporation in detailing and materially ex- 
tending a minor surface prospect. The South Darst Creek pool in Guadalupe County 
is in the fault line zone and these discoveries is probably not to be credited to geo- 
physical work. Also the new pools in Duval County (Piedra Lombre and Seven Sisters) 
are geological discoveries. The discovery of the new Plymouth Field, in San Patricio 
County, on the other hand, is credited to geophysical methods. 

Torsion balance surveys were mostly restricted to the Gulf Coast belt and the 
Rio Grande Valley, whereas seismograph parties were working in almost every county 
in South Texas. 

During the latter part of the summer some research work was done with an electro- 
graph in Duval, Nueces, Hidalgo, Bee and McMullen Counties. This work, however, 
was more or less of an experimental nature and apparently lasted only a short time in 
each area. 

Only one pendulum party was reported in 1935. This party worked during the 
months of June and July in Victoria County, and was operated by the Humble Oil 
Company. This same company also used gravity meters during most of the year. These 
instruments worked in Bee, Goliad, Hidalgo, Victoria, Calhoun, Refugio and San 
Patricio Counties. One contract gravity meter worked during the month of June in 
Hidalgo County. 

In March a W. M. Barrett, Inc. magnetometer party did some work in Bee County. 
Several other companies operated magnetometers in this same county during the year. 


Also in Frio County magnetometer work was active. 
J. P. SCHUMACHER 


GULF COAST (SOUTHEAST TEXAS AND SOUTH LOUISIANA) 


The week by week totals, together with the quarterly half-yearly and yearly ac- 
tivities are shown in Fig. 1 for the torsion balance and in Fig. 2 for the reflection seis- 
mograph, for both 1934 and 1935, together with the discoveries. 

As is shown, the torsion balance shows practically no change over the two-year 
period, while the reflection seismograph shows a sudden peak of activity in Southeast 
Texas in the last quarter of 1935, superimposed upon a rather uniform increase through- 
out this two-year period. 

This marked increase was due to the following shift of crews from September 7th 
to November 16th 


County Decreases County Increases 
Galveston I Chambers g 
Hardin I Jefferson 5 
Refugio I Orange 4 
San Jacinto I Fort Bend 2 
Victoria I Matagorda I 

Montgomery I 
Total Decrease 5 Total Increase 18 


with a resulting net gain of thirteen seismograph crews, and a marked increase in ex- 
ploration thereby in Chambers, Jefferson and Orange counties. This increase was dis- 
tributed between company owned and contract crews as follows: 
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Increased Company Operations 5 
Increased Contract Operations 8 
Total Increase 13 


This increase undoubtedly followed the north extension of production at Anahuac, 
when attention was so forcibly called to the importance of the Anahuac sand in the 
Frio, and also to the importance of faulting. These developments induced the men- 
tioned increase in reflector exploration eastward from Anahuac and approximately a 
long strike. 

A rather careful study of the growth of company-owned operations in reflection 


exploration is under way, and will be the subject of a later paper. 
E. E. RosatreE 


K. RANSONE 


REVIEW 
La Interpretacién Geologica de las Mediciones Geofisicas A plicadas a la Prospeccién 

(Geological Interpretation of Geophysical Measurements Applied to Prospecting). 

By Jose G. Sifieriz. Memoirs of Geological and Mining Institute of Spain. Madrid, 

1933. Price 25 pesetas. 

The title on this 536 page volume is rather misleading in that one might expect a 
general treatise on the interpretation of geophysical surveys, whereas actually the 
treatment is largely applied to specific surveys made by the Instituto Geologico y 
Minero de Espafia. Part I deals with seismic measurements and Part II with torsion 
balance measurements; other geophysical methods are not discussed. 

Chapter I on ‘The Theory of Seismic Prospecting” gives a brief discussion of the 
types of elastic waves, time-distance curves, and the theory of refraction methods 
largely from Barsch, Martin and other European authors. The theoretical treatment 
adds little to information already available to American geophysicists in domestic 
publications. The theory of reflection methods is not discussed. 

Chapter II on “The Apparatus Employed in Seismic Prospecting” describes the 
Mintrop and Schweydar seismographs with some accessory equipment developed by 
the author. The equipment and methods described are largely obsolete in the United 
States. 

Chapter III on ‘The Geological Interpretation of Seismic Prospecting” continues 
the discussion of the theory of refraction methods. 

Chapters IV, V, and VI discuss refraction profiles in the Callas, Suria, and Sallent 
districts respectively. There is a tendency to rely strongly on all observed values and 
make an interpretation on changes that would be regarded by American geophysicists 
as due to poor records, near surface irregularities or thin stratas rather than to im- 
portant stratigraphic units. 

Chapters VII and VIII deal with the seismic work on the Bellmunt and Tafalla 
anticlines respectively. The work was largely a determination of the strata involved. 

Chapter IX gives a similar treatment for the Elorz concession and Chapter X de- 
scribes seismic work for determination of section in the Hiendelaencina region. 

Chapter XI at the beginning of Part II, on “Formulas for the Calculation of 
Gravimetric Values” presents torsion balance equations familiar to American geo- 
physicists. 

Chapter XII discusses details of a torsion balance survey of El] Burgo de Osma and 
Berlanga de Duero districts in the Northern part of Spain. These districts were investi- 
gated for their oil possibilities. The anticlines, involving uplift of relatively dense 
Cenomanian limestones overlain by Tertiary sands and shales, are represented by 
gravity maxima. 

Chapter XIII deals with torsion balance surveys in the vicinity of Madrid. A large 
Cretaceous basin is indicated by a well-defined gravity minimum. The surveys were 
made in connection with a study of Artesian waters. 

Chapter XIV discusses the stratigraphy and a torsion balance survey of the 
Garrucha (Almeria) district for its petroleum possibilities. The geophysical work done 
was limited. 

Chapter XV discusses torsion balance and refraction seismic work on the Tafalla 
anticline. Due to the fact that relatively dense rocks are near the surface and are thinner 
over the anticlines, the anticlinal axis is represented by a well-defined minimum. Seis- 
mic surveys indicated the presence of salt beds below the surface. 

In conclusion, the book is of more value to one interested in Spanish geology and 
exploration than as a reference book on the geological interpretation of geophysical 
methods. 

‘Joun H. Witson 


January 16, 1936 
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MID-YEAR MEETING 
SOCIETY OF PETROLEUM GEOPHYSICISTS 


BAKER HOTEL, DALLAS, TEXAS 
FRIDAY, NOVEMBER 20TH, 1935 


PROGRAM 
10:00 A.M. 


1. Business meeting, (L. W. Blau presiding). 
2. Presentation of papers. 


(a) E. E. Rosaire: A Review of Discoveries in the Gulf Coast. 

(b) L. Y. Faust: Influence of Geological Factors on Longitudinal Seis- 
mic Velocities. 

(c) M. M. Slotnick: Seismic Computations Assuming, the Velocity an 


Integrable Function of Depth, with an Application. 
12:30 P.M. 
Luncheon, as guests of the Geophysical Service, Inc. 


2:00 P.M. 
1. Presentation of papers. (L. W. Blau presiding.) 
(a) E. G. Leonardon: The Economic Utility of Thermometric Measure- 
ments in Drill Holes, in Connection with Drilling and 
Cementing Problems. 
(b) W. T. Born: Notes on the Use of Multiple Shot Holes and Multiple 
Geophones. 
(c) R. D. Wyckoff: Earth Tides and Their Measurements. 
(d) Frederick A. Tompkins: Processing of Seismograph Records in the Field. 
(e) J. B. Eby: The Geophysics and Discovery of the Tomball Oil 
Field, Harris County, Texas. 
(f) W. M. Rust, Jr. A Review of Electrical Prospecting Methods. 
(g) Alfred Wolf: The Amplitude and Character of Refraction Waves. 
Screening Effect of Salt Domes. 
(h) H. M. Evjen: The Place of the Vertical Gradient in Gravitational 
Interpretation. 
(i) G. H. Westby: Note on Identification of Reflection from Base of 
Mississippian Limestone. 
7:00 P.M. 


1. Banquet. (M. M. Slotnick presiding.) 
2. Presentation of papers. 
(a) L. W. Blau: Black Magic in Geophysical Prospecting. 
(b) Symposium on Geophysical Exploration Activity in 1935 by Various Members. 
The meeting was very well attended, with a registration of about eighty. There was 
unanimous approval of the excellent program arranged by Dr. L. W. Blau, Chairman 
of the Program and Arrangements Committee, together with a recommendation to the 


Executive Committee that such Mid-Year Meetings be made standard practice. 
E. E. RosatRE 
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ANNUAL MEETING, 1936 


The Annual Meeting of the Society will be held March 19-21, 1936, at the Tulsa 
Hotel, Tulsa, Oklahoma. Members and guests are advised to make their registrations 
early, since the Annual Meeting of the American Association of Petroleum Geologists 
will be held on the same dates at the Mayo Hotel, Tulsa, Oklahoma. 

The first part of the morning session on March 19 will be devoted to the Business 
Meeting, when the results will be announced of our first mail ballot for the election of 
officers for the ensuing year, followed by old and new Society business. The rest of this 
session, together with all of the other sessions, will be devoted to the presentation of 
papers on general and applied geophysics. ; 

The Society dinner will be held Thursday night at the Hotel Tulsa. 

L. W. Brau, Chairman 
Program and Arrangements Committee 


PROPOSED CHANGES IN CONSTITUTION AND BY-LAWS 


The following changes in the Constitution and By-Laws have been submitted as 
a petition signed by at least ten active members in good standing. If approved by the 
Business and Executive Committees, these changes will be submitted for consideration 
at the Annual Business Meeting. If approved there, they will be submitted to the 
membership at large in a mail ballot, in accordance with the existing Constitution and 


By-Laws. 
B. B. WEATHERBY 


Chairman, Executive Committee 


CONSTITUTION 


“I Name” should be changed to read—This Association shall be called the ‘‘Ameri- 
can Geophysical Society.” 

“II Object’? should be changed to read—The object of this Association is to pro- 
mote general and applied geophysics. 
III C Election to Membership 

Should be added 

Provided that the Executive Committee may accept applicants for either class of 
membership who, because of their geological location or because of their lack of ac- 
quaintance with active members of this Association, are unable to secure qualified 
sponsors, but who otherwise are eligible for membership. 


III E 
Shall be changed to read 


III E Code of Ethics 
Membership of any class shall be contingent upon conformance with the estab- 
lished principles of professional ethics. 


V Officers and their Duties 


A2. Paragraph 1 

“Secretary-Treasurer” shall be changed throughout to read—President. 

Fourth sentence shall be changed to read—At least three candidates for president 
shall be named on this ticket whenever the incumbent vice-president shall be ineligible 


for re-election. 
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After the second paragraph, a third shall be inserted to read 

Each member shall express one choice for Secretary-Treasurer, and one choice for 
Editor. The candidates securing the highest number of votes so cast and counted shall 
be elected Secretary-Treasurer and Editor, respectively. 

Az end of fourth sentence, third paragraph shall be changed to read 

. .. at the time the ballots are presented to the Nominating Committee for count- 
ing. 
By-Laws IA2 

After “regular Society Publication,” insert—‘“shall not be eligible to vote,” etc. 
By-Laws ITA2 

Strike out ‘‘a copy of” 
By-Laws IITA2 

At end, after “professional cards or otherwise’ add—“‘but shall be entitled to re- 
ceive the regular publication of the Society upon payment of a fee equivalent to that 
charged an associate member.” 


REPORTS 
REPORT OF NOMINATING COMMITTEE 
In accordance with Section VA of the Constitution, the following candidates were 


placed before the Society by mail ballot 


For President and Vice-President 


L. W. Blau Houston, Texas 
C. A. Heiland Denver, Colo. 
G. H. Westby Tulsa, Okla. 


For Secretary-Treasurer 


O. F. Sundt Houston, Texas 

J. H. Wilson Denver, Colo. 
For Editor 

J. B. Eby Houston, Texas 


F. M. Kannenstine Houston, Texas 


The results of this mail ballot will be announced at the Annual Meeting, Tulsa, 
Oklahoma. 
B. B. WEATHERBY 
E. E. RosAIRE 
E. McDERMOTT 
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REPORT OF TREASURER, 1936 
FRAZER AND TORBET 


Certified Public Accountants 
523-28 Beacon Life Building 
Tulsa, Oklahoma 
January 15, 1936 

Dr. B. B. Weatherby, President 
Society of Petroleum Geophysicists, 
Tulsa, Oklahoma 
DEar Sir: 

Pursuant to instructions received, we have made an audit of the financial trans- 
actions of the Treasurer of the 

SOCIETY OF PETROLEUM GEOPHYSICISTS 
for the period from January 1, 1935 to December 31, 1935 inclusive. 

Our examination did not embrace a confirmation by correspondence of dues from 
members and delinquents in respect thereto. 

Exhibit A hereof is a statement of dues receivable from January 1, 1935 to Decem- 
ber 31, 1935, inclusive. The list of members and “back dues” are taken from the records 
of the Treasurer. 

Summaries of the “Dues Receivable’’ account and cash transactions are presented 
below. 


Dues Receivable 
Back dues $ 434.00 
Less: due from dropped members 165.00 $ 269.00 
Current dues I, 109.00 
Total 1,378.00 
Collections—back dues 224.00 ; 
current dues 961.00 1,185.00 
Delinquent 194.00 
Refund due 1.00 193.00 
Cash Transactions 
Balance—January 1, 1935 630.46 
Collections—back dues 224.00 
Collections—current dues 961.00 
Collections—dues in advance 10.00 
Subscriptions 51.00 
Sales of back numbers 107.53 
Advertising 246.00 
A.A.P.G. Donation 250.00 1,849.53 
Total 2,479.99 
Disbursements: 
Printing and stationery 589.31 
A.A.P.G.—Geo. Symposium 338.54 
Secretarial work 124.75 
Miscellaneous 90.07 1,142.67 
Cash on Hand—December 31, 1935 $1, 337-32 
Checking Account $1,037.32 
Savings Account 300.00 


Faithfully yours, 
(Signed) FRAzER and TorBET 
Certified Public Accountants 
Members, American Institute of Accountants 
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EDITOR’S REPORT 


The Journal of the Society of Petroleum Geophysicists, Volume VI, No. 1, July, 
1935, was mailed to all members of record in October, 1935. The publication date of 
this, the first issue published by the Society itself, was necessarily late because of its 
being the first issue. The machinery of securing, reviewing, and assembling papers and 
advertisements for publication is now well under way, as is witnessed by this number 
being only one month late. It is believed that future numbers will appear well on time. 

The Executive Committee has ordered the title of our publication to be changed 
to “Geophysics,”’ of which this is Vol. I, No. 1. 

Two new departments have been opened, one on “‘doodle-bugs,”’ the other on re- 
views of publications. 

Following is a comparison of this issue with the previous issue. 


July issue January issue 
Papers published 6 10 
Total pages 81 178 
Total paid advertising (in pages) 6} 12} 
Revenue from advertising $192.00 $380.00 
Cost $469.00 $1,080.00 approx. 


The editor wishes to thank Dr. L. W. Blau, Dr. E. E. Rosaire, and Miss M. E. 
Stiles for their help in securing papers and advertisements for publication and also for 


their assistance in editing. 
F. M. KANNENSTINE 


Editor 


; 


